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NIKOLAI IVANOVICH VAVILOV 
1887-1942 


AVILOV, Russia’s most distinguished geneticist, was born in 1887, the 

son of a wealthy merchant. He received his early technical training at the 
Agricultural Academy at Petrovsko-Razumovskoe near Moscow and subse- 
quently went to England where, in 1913 and 1914, he studied with WILLIAM 
Bateson, Britain’s pioneer geneticist, at the John Innes Horticultural Insti- 
tution, and with RowLanp BIFFEN, noted cereal breeder, at Cambridge Uni- 
versity. Returning to Russia he soon engaged in extensive research projects 
on the origin, geographical distribution, disease resistance and other character- 
istics of cultivated plants from all parts of the world. His rise as a scientist and 
administrator of scientific research was meteoric. In 1917 he became professor 
of agriculture, botany and genetics at the University of Saratov. In 1920, having 
attracted the favorable attention of LENIN, he was placed in charge of the 
Bureau of Applied Botany in Petrograd which, under his energetic direction, 
developed into one of the world’s largest and most active research institutions. 
In 1934, this Bureau, finally called Lenin’s All-Union Academy of Agricul- 
tural Sciences, with VAVILov as its president, is reported to have had a staff of 
approximately 20,000 persons operating some four hundred research institutes 
and experiment stations throughout the Union. 

VavILov’s contributions as a scientist and administrator were widely recog- 
nized at home and abroad. Although not a Communist, he was made a member 
of the Soviet’s Central Executive Committee. He became a member of the 
Academy of Sciences of the U.S.S.R. in 1929 and later director of the Genetics 
Institute of the Academy. He was elected president of the Seventh Inter- 
national Congress of Genetics in 1939, and Foreign Member of the Royal 
Society of London in 1942. 

Success, unfortunately, often inspires envy and malice as well as admira- 
tion, and in VAvILov’s case it proved to contain the seeds of his own destruc- 
tion. His leadership in agricultural science in Russia began to be challenged in 
1935 by T. D. LysEn xo, a fanatically ambitious and politically clever scientist- 
demagogue, who had gained STALIN’s confidence and who eventually suc- 
ceeded in obtaining official party sanction for his own strange and irrational 
biological doctrines. As LysENKo’s influence in Russia grew, VAVILOv’s pres- 
tige waned. He was accused of being impractical and a slave to foreign science 
and was relieved of his principal administrative responsibilities. By 1939 he 
was forced to decline the honor which geneticists throughout the world had 
tendered him to serve as president of the International Congress of Genetics 
at Edinburgh. Subsequently he was not heard from again outside of Russia. 
He is believed to have died in exile at a deportation center in Siberia probably 
in 1942. ° 
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To review the history of the bitter controversy which led to VaAviLov’s 
untimely end, and which has had numerous other tragic consequences for 
Russian biology and biologists, is not the purpose of this brief sketch, which 
seeks instead to appraise VAvILov’s contributions to science. These are so 
impressive that there is no need, merely because he has now become a martyr, 
to magnify them. 

VavILov’s works were concerned not primarily with developing new princi- 
ples or theories in genetics but rather with the application of genetic principles 
to the problems of agriculture and systematics. In this sphere he made contri- 
butions in three fields which, although more or less distinct, had in common 
the use of genetical techniques and the employment of cultivated plants as the 
principal subjects of study and experimentation. 

VAvILov’s earliest research was concerned with the inheritance of resistance 
and immunity to disease in plants. His was not the first work in this field, 
but he was still a pioneer and his research is still regarded by plant patholo- 
gists as classic. He developed the concept of “degree of specialization” of 
parasitic fungi and postulated that the wider the host range of a parasitic 
fungus—the more species and genera that it attacks—the less likely are resist- 
ant varieties to be found in any of the host species. The converse of this propo- 
sition was also held to be true. He postulated further that fungi, especially 
those narrowly specialized, such as the one causing leaf rust in wheat, could 
serve as good “ physiologic reactors” in aiding systematic botany. His work 
in testing the disease reactions of many Russian and other wheat varieties was 
the stimulus, not only for the establishment of breeding and testing stations 
throughout Russia, but also for similar research in other parts of the world. 
Indeed, it is today standard procedure for plant pathologists attacking the prob- 
lems of disease in cultivated plants to assemble varieties and related species 
from all parts of the world in a search for sources of genetic resistance which, 
combined with other desirable characters, can lead to the synthesis of valuable 
new types. One important product of VAvILov’s research was the discovery of 
a new wheat species Triticum Timopheevi which is resistant to most of the im- 
portant diseases of wheat and which is now being employed as a source of 
genetic disease resistance by cereal breeders in the principal wheat-growing 
countries of the world. 

VAvILov’s second contribution was in the formulation of what he called 
“the law of homologous series in variation” which holds that genetic and 
morphological regularities exist in the differentiation of species, genera and 
families, and that parallel variations occur in all categories of systematic classi- 
fication. By studying similarities between related species and genera, the in- 
vestigator can discern the gaps in a system and search for forms which close 
them, thus placing himself in a position comparable to that of a chemist. The 
concept of parallel variation was not original with VAvivov and his generaliza- 
tions on the subject are, perhaps, too broad. Nevertheless, the data which he 
amassed on parallel variation in cultivated plants, especially the cereals, are 
invaluable, and he himself was able to discover several “ missing” forms to 
which attention was called by gaps in the “ system.” 
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But VAvILov’s greatest contribution, and the one which gave him a world- 
wide reputation during his lifetime, and on which his ultimate place in the 
history of biology will undoubtedly rest, was his monumental work on the 
centers of origin of cultivated plants. Until VAviLov’s no important new re- 
search on the origin of cultivated plants, a subject important alike to botany, 
agriculture and anthropology, had been undertaken since the time of DECAN- 
DOLLE, whose book “ The Origin of Cultivated Plants,” first published in 1883, 
had remained the standard reference on the subject for almost half a century. 
DeCanpbotre employed four kinds of evidence for determining the centers of 
origin: (1) archaeological, (2) historical, (3) linguistic, and (4) botanical. 
To these Vavitov added, with great effectiveness, the twentieth-century tech- 
niques of genetics and cytology. His research and exploration, like his work in 
other fields, was on a grand scale. He sent, or himself made, expeditions to 
many parts of the world to collect varieties of cultivated plants and their wild 
relatives. He has been aptly called “ the most widely traveled biologist of our 
day.” The collections of cultivated plants made by him and under his direction 
have had no previous counterpart and are not likely to be duplicated again in 
our time. The Russian collection of wheat varieties and strains, for example, at 
one time exceeded 25,000. The Russian potato collection was the stimulus and 
pattern for similar collections in Great Britain and the United States. 

From a study of these extensive collections, VAvILov concluded that there 
are eight principal centers of origin of cultivated plants. Each of these centers 
is characterized by a wide range of environmental situations, which is reflected 
in rich natural floras, and the cultivated species of these regions are character- 
ized by great varietal diversity and by high frequencies of dominant genes. 
Indeed, a high frequency of dominant genes was one of VAvILov’s principal 
criteria for fixing centers of origin. Here he anticipated, without describing it 
in mathematical terms, the conclusion of population geneticists that selection 
has little effect on genes with low frequencies. Hence new recessives arising 
by mutation at centers of origin continue to have low frequencies or are lost. 

Contemporary students of cultivated plants may differ with VavILov in his 
conclusions, but they can scarcely fail to recognize the enduring contribution 
which he has made in calling attention to the great diversity of forms in culti- 
vated plants, in clarifying the problem of their origins, and the geographical 
distribution of their wild relatives. His work has stimulated similar research 
in other parts of the world and has inspired a new interest in the subject of 
the origin of cultivated plants. Every contemporary student of this subject is 
deeply in VaviLov’s debt. Fortunately his works, essentially in complete form, 
have now been translated into English. 

In the several fields in which he worked Vavitov’s contributions were char- 
acterized more by breadth of scope than by precision, more by sheer magnitude 
and grandeur than by elegance. This may be attributed in part to the nature 
of the problems which he attacked, but it is also due, perhaps in even larger 
measure, to his own enthusiastic nature and expansive personality. VaviLov 
was a man of great intellectual energy and physical vigor, of monumental 











4 PAUL C. MANGELSDORF 


ideas, of heroic plans and prodigious labors. But he was also a man of deep 
humility, of warm friendships, of broad tolerance and generous motives. To 
those who knew him well his memory evokes not only admiration and esteem 
but also warm affection. 

Not himself a revolutionary, VAvivov believed sincerely that the revolution 
in Russia had created unprecedented new opportunities for the advancement 
of science, for international cooperation in science, and, through the integration 
of theory and practice, for the improvement of man’s welfare, not only in 
Russia but in other parts of the world as well. It is ironical indeed, but by no 
means a new phenomenon in history, that so distinguished an exponent of the 
best in Marxian ideology, so admirable a representative of the vigorous new 
scientific. spirit of his country, should have been destroyed by lesser men who, 
in ignorance and vanity, fancied themselves to be the only true disciples of the 
past and the only practical men of the present. It is even more ironical, but 
quite fortunate for us, that the free world should now begin to reap substantial 
harvests, both scientific and utilitarian, from the very work which his own 


‘ 


country disdained as “ impractical.” 
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THE MECHANISM OF GENETIC RECOMBINATION 
IN PHAGE?-? 
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Received March 7, 19523 


HEN a bacterium is mixedly infected with several compatible and geneti- 

cally marked phage particles the progeny generally contains particles 
which show a combination of markers derived from different parental particles. 
The proportion of recombinant particles in the progeny is often as high as 
40%. In a series of thorough studies of phage T2, HersHey and RotTMAN 
(1948, 1949) established certain basic features concerning this recombination 
phenomenon. These studies culminated in the recognition that phage genetics 
conforms in large measure to the principles worked out on higher organisms, 
giving evidence of linkage groups and permitting the construction of genetic 
maps. Recently, DoERMANN and HILt (1953b) have carried through a simi- 
lar study for phage T4, and their findings fully corroborate the basic ideas 
developed by HERSHEY and RotTMANn. However, HERSHEY and RoTMAN also 
showed that a mixed infection of a bacterium is not a straightforward analogue 
of a simple genetic cross, since the progeny may contain particles which con- 
tain genetic markers derived from more than two parental particles. The in- 
terpretation of the findings, therefore, requires some generalization of the idea 
of a simple cross. Up till recently, the search for this generalization was 
strongly influenced by the idea that any mechanism proposed to explain recom- 
bination should also be adequate to explain the phenoménon of multiplicity 
reactivation (Lurta 1947; Luria and DuBecco 1949), i.e., the phenomenon 
that bacteria infected with several particles inactivated by ultra-violet light 
produce viable phage offspring in a large proportion of cases. It was thought 
that we are here dealing with the elimination by genetic recombination of lethal 
genetic factors produced by the irradiation. It is now known that multiplicity 
reactivation cannot be explained on this basis, and indeed, may have nothing 
to do with genetic mechanisms (DutBecco 1952a). 

To incorporate multiplicity reactivation into the genetic picture, one had 
been forced to assume that the parental particles break up into subunits which 
multiply independently of each other and are later reassembled into complete 
particles. If it is not required to account for multiplicity reactivation by a 


1 The experiments reported in this paper were initiated and executed by N. Visconti. 
Joint discussions of the results of these experiments prompted the development of the 
theory by M. Delbriick. 

2 Aided by grants from the National Foundation for Infantile Paralysis and from the 
National Institutes of Health, U. S. Public Health Service. 

3 Published out of order due to delays in editorial processing. 
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genetic mechanism, one may attempt to explain the genetic findings by a less 
radical generalization of the idea of the genetic cross, namely by the idea that 
mating occurs repeatedly during every intrabacterial cycle of phage growth. 
The interpretation of mixed infections thus becomes a problem in population 
genetics. In the present paper we propose to carry through such an interpre- 
tation, both of experiments previously published, and of some new experiments 
specifically designed to test the underlying assumptions. 

To be able to formulate the problem properly, we must first look at certain 
features of the life cycle of a phage particle. It can be demonstrated by several 
lines of evidence that upon entering the bacterium, the phage particle under- 
goes a profound modification into another state in which it is unable to infect 
other bacteria. We will call this stage the vegetative phase. 

When infected bacteria are broken up at various times during the latent 
period between infection and lysis, no mature particles are found during the 
first half of the latent period (the eclipse period). Thereafter, mature phage 
particles increase in number, for a few minutes slowly, and then almost line- 
arly, up to the time of lysis (DoERMANN 1948). Several lines of evidence 
indicate that multiplication of vegetative phage has progressed a great deal 
before the appearance of the first mature bacteriophage particle. It is unknown 
which particular intrabacterial factors are responsible for the onset of matura- 
tion. We will make the specific assumptions, that (a) vegetative particles 
multiply up to the normal time of lysis, and, if lysis is inhibited, even beyond 
this time, (b) mature phage particles within their mother cell do not revert to 
vegetative phage, do not multiply, and do not genetically mix, (c) vegetative 
particles mate pair-wise and at random with respect to partners. With regard 
to the rate of mating, we assume that it increases rapidly with the concentra- 
tion of vegetative particles, so that the rate becomes appreciable only after 
considerable multiplication has taken place. (With respect to orderliness or 
randomness of mating with respect to time, we will introduce specific assump- 
tions later on.) By way of justifying these assumptions, we cite the following 
facts : 

(1) Two lines of evidence suggest that it is necessary to assume several 
rounds of mating. One of these is the occurrence of recombinants combining 
genetic markers from three different parents. A second line of evidence is pro- 
vided by the finding (DoERMANN and Hi t 1953a) that in a two-factor cross 
with unequal multiplicity of infection by the two parental particles the progeny 
contains more recombinants than particles with the genotype of the minority 
parent. This indicates that the genetic mixing has gone farther toward genetic 
equilibrium than could be accomplished by a single round of mating. 

(2) Two lines of evidence indicate that there is a drift in the course of time 
towards genetic equilibrium. On the one hand, in crosses involving unlinked 
markers it is found (DoERMANN and Hitt 1953a) that the fraction of recom- 
binants in the yield increases from 34% to 42% when the mature progeny is 
sampled by artificial premature lysis at various times during the second half 
of the latent period. In two cases of linked factors the fraction increases from 
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6.0% to 11.5% and from 25% to 37%. The genetic equilibrium lies at 50% 
recombinants, and the approach to this equilibrium during the period investi- 
gated by DoERMANN can be satisfactorily accounted for by our theory, as will 
be shown elsewhere. On the other hand, in crosses involving closely linked 
markers, the frequency of recombinants can be greatly increased by inhibiting 
lysis for a period several times the length of the latent period. During this pro- 
longed intracellular phase, the proportion of recombinants among the mature 
particles increases approximately linearly (LevINTHAL and Visconti 1953). 

(3) The assumption that most of the recombination takes place after a great 
deal of multiplication has taken place is based on the finding (HERSHEY and 
RotMAN 1949; DoERMANN and HI Lt 1953a), that in crosses involving closely 
linked factors the recombinants are approximately randomly distributed among 
the yields obtained from individual bacteria. If recombination occurred exclu- 
sively very early, before appreciable multiplication had taken place, one should 
have found, instead, large clones of recombinants from any bacteria in which 
recombination occurred at all. 

(4) When the progeny of phage from individual bacteria is examined 
(HersHEY and RoTMAN 1949) little or no correlation between the numbers of 
opposite type recombinants is found. We interpret this lack of correlation not 
as indicating that the two opposite types are produced in statistically inde- 
pendent elementary acts, but as a reflection of secondary events (random 
multiplication and random maturation after recombination) which obscure an 
original correlation which may be perfect in every mating. 

(5) The most important assumption of our theory is the assumption that 
genetic mixing occurs as a result of a series of elementary acts (matings) in 
each of which a pair of genetically complete phage particles is involved. An 
interesting implication of this assumption is a statistical one: it leads to posi- 
tive correlations between different exchanges affecting the same particles of 
the progeny, even if these exchanges have zero correlation for each individual 
mating. Qualitatively this may be seen by an extreme example: suppose the 
progeny consisted of a mixture of two populations, one of which had not 
mated at all, while the other had mated numerous times. It is clear that in the 
mixture of these two partial populations different exchanges would be posi- 
tively correlated although there may be no correlation within each partial 
population. In our theory the final population can be looked upon as a mixture 
of populations with different degrees of mating experience, leading to such 
positive correlations between different exchanges. This type of correlation had 
been apparent in some of the two- and three-factor crosses of HERSHEY and 
RoTMAN (1948, 1949). Several experiments in the present paper specifically 
designed to bring out this point show the effect more clearly. If one were to 
interpret recombination values as in ordinary genetics, with disregard of the 
complications resulting from repeated mating, one would call this positive 
correlation a “ negative interference,” and would have good reason to wonder 
why one “ cross-over” should increase the probability of a second one in the 
same linkage group. 
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Our problem may now be stated in the following terms: the parental parti- 
cles enter the cell and immediately become vegetative particles. These multiply, 
and after they have multiplied up to around, say 40, the rate of mating becomes 
appreciable. Soon after this, particles begin to be withdrawn from this pool of 
mating and multiplying particles, and are set aside as mature particles. The 
progeny examined at the time of lysis, therefore, consists of a mixture of sam- 
ples withdrawn at various times from the mating pool. This withdrawal occurs 
at an approximately linear rate. In comparing our theory with experimental 
results we will for the most part make the idealizing assumption that the 
progeny examined is one that has been withdrawn in its entirety at a particu- 
lar moment from the mating pool. The real progeny will differ from this ideal- 
ized one in a manner which will be discussed after presenting the theory. 


THEORY 


Most of the new facts to be reported in this paper deal with crosses in which 
there are two parental types which differ with respect to three genetic factors, 
either unlinked, or linked in various ways. Another variable that can be con- 
trolled is the multiplicity of infection. Here the two cases of interest are, (a) 
equal, high multiplicity of infection of both parents, and (b) high multiplicity 
of infection with one parent, and single infection with the other parent. 

The chief advantage of working with three-factor crosses as compared to 
two-factor crosses is this: in three-factor crosses we can focus our attention 
on those particles in the yield which are recombinants with respect to two of 
the factors, and then ask in what fraction of these there has also occurred a 
recombination with respect to the third factor. In this way we can be certain 
that our genetic ratios are not falsified by the inclusion of unadsorbed parental 
particles or by particles derived from bacteria that did not get mixedly in- 
fected, or by particles which for some other reason failed to meet a parental 
particle of the opposite type. On the other hand, the calculation of the influence 
of matings on intra-bacterial phage populations involving three factors (eight 
genotypes) is somewhat involved, and requires algebraic analysis. This we will 
now proceed to develop. 


Synchronous mating and random-in-time mating 


We calculate first the effects of n successive, nonoverlapping rounds of ran- 
dom mating on an arbitrary mixture of genotypes, assuming that every phage 
particle participates in every round of mating. This we will call the case of 
synchronous mating. This assumption may be too crude, and we would like to 
see how the conclusions have to be modified if mating does not occur in suc- 
cessive, nonoverlapping rounds, but for each particle with a constant proba- 
bility per time unit. In this case, after an interval of time in which each parti- 
cle has mated on the average m times, there will be a Poisson distribution, 
pr=m'e~™/r!, of the number of particles that have mated during this time 
0, 1,...r..., times. It must be noted that, under such a regime, which we 
will call random-in-time mating, the particles which mate just once do not all 
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mate within a population that has the original genetic composition. Some may 
mate towards the end of the period when the genetic composition of the popu- 
lation into which they mate is entirely different from the original one, and, 
similarly, for the particles which mate more than once, the effects might be 
expected to be quite different from those of nonoverlapping rounds of mating. 
However, in the appendix we will prove the important theorem that in the 
case of two- or three-factor crosses (but not when more than three factors are 
involved!) the effect of this regime is the same as if the total population con- 
sisted of fractions po, pi, po,..., which undergo 0, 1, 2,... successive non- 
overlapping rounds of matings, each group starting with the original genetic 
composition of the total population and mating within itself. 

The transition from “ synchronous ” to “ random-in-time ” mating can now 
be made with ease because all the genotype frequencies for a fixed number n of 
rounds of matings turn out to be linear combinations of the form A + Bb" (see 
equation 8) and the average of such an expression for a Poisson distribution 
of the number n is given by 


SaPn(A + Bb") = A+ Be~™U—>) (1) 


We need not make any specific assumptions as to whether or not multipli- 
cation takes place during recombination. This is so because all calculations 
refer to the proportions of the various genotypes, and these proportions are not 
altered by reproduction. 

Our treatment will follow closely the methods developed by GEIRINGER 
(1944) in connection with a more general problem, involving an arbitrary 
number of factors, an arbitrary number of alleles for each factor, and arbitrary 
linkages. In the three-factor case her method can be presented in a somewhat 
simpler and more visualizable form. 


Three-factor crosses 


We designate a given genotype by the symbol (ijk), where the three letters 
represent the three genetic factors, and each of them may assume the value 
1 or 2 for the two alleles of the factor. 

In figure 1 the eight genotypes are represented by the eight corners of a 
cube as explained in the legend. 

The genotypes differing from a given one in a single factor are its neighbors 
along the three edges which meet at the corner representing this type. Types 
at opposite ends of a face diagonal differ in two factors, those at opposite ends 
of a space diagonal in all three factors. An allele frequency is obtained by 
taking a sum around a face of the cube, and the frequency of a certain combi- 
nation of two alleles, by taking the sum along an edge. 

In the cross used by HERSHEY and RotTMAN to demonstrate the occurrence 
of triparental recombinants four corners of a regular tetrahedron are involved. 

We imagine that the mating between two particles of type (ijk) and (Imn) 
leads to the formation of a zygote which immediately segregates again into 
haploid particles. This segregation can occur in four possible ways, namely, 
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Ficure 1.—The eight genotypes are represented by the eight corners of a cube in 
such a fashion that all the corners of the right face of the cube represent the genotypes 
carrying the “1” allele of the first factor, and the corners of the left face the “2” 
allele of this factor. Similarly, top and bottom face correspond respectively, to the “1” 
and “2” allele of the second factor, and back and front face to those of the third factor. 


(0) into the parental types, (1) such that factor 1 has been segregated from 
2 and 3, (2) such that factor 2 has been segregated from 1 and 3, and (3) such 
that factor 3 has been segregated from 1 and 2. We will designate the proba- 
bilities of these four alternative events with co, ci, C2, and cg, the sum of which 
is equal to unity. 

The probabilities c, are related in a simple manner to the probabilities p,, of 
recombination between any two factors, namely, 


Cr + Cy = Drs (2) 


Table 1 lists the values of the coefficients c; for four types of linkage rela- 
tionships in which we will be particularly interested. For the cases of linkage 








TABLE 1 
The recombination parameters c for particular linkage relationships. 
Type of linkage Co Cot Cy Co + C2 Cot Cs 
All unlinked 1/4 1/2 1/2 1/2 
(1, 2) linked, 3 (1 — p,3)/2 1/2 1/2 1— pa 
unlinked 

All three linked, 1—- py 1 — pas 1— pa, 1—pia 
order 1, 2, 3 (no — Pas(1 — Pia) — Pas(1 — 2p) 
interference) 

All three linked, order 1 — Pia — Pas 1— Pas 1 — Pia — Pas 1—pi, 


1, 2, 3 (complete 
interference) 
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between all three factors it has been assumed that the factors lie in the order 
1, 2, 3. With respect to interference between recombinations between factors 
1 and 2 and between factors 2 and 3, we list the two cases of no interference 
and of complete interference. No interference implies the relation 
Pis = Pi2(1 — pos) + pos(1 — prz) (4) 
while for complete interference 
Pis = Pi2 + Pos. (4a) 

We designate the frequency of the genotype (ijk) after n rounds of mating 
by aij". The same symbol without the superscript designates the original 
genotype frequencies, i.e., the parental mixture. By definition the sum of the 
frequencies is unity at any time. 

Our equations will involve certain sums of genotype frequencies, and for 
these we will introduce convenient symbols. We designate the sum of the fre- 
quencies of those genotypes which carry a particular allele of a particular fac- 
tor by an a in the subscripts of which the indices representing the unspecified 
factors have been replaced by dots. Thus a.., designates the frequency in the 
population of the k allele of the third factor. These allele frequencies are not 
affected by mating. 

Similarly we designate by a.;, the sum of the frequencies of the genotypes 
carrying the j allele of the second factor and the k allele of the third factor. 
This sum is the frequency in the population of this particular allele combina- 
tion, and it will, in general, change with each round of mating. 

Similarly, we designate the sum of all genotype frequencies by a... =1 
(for any n). 

We now wish to calculate the effect of one round of mating on the frequency 
of a particular genotype. There will be contributions to this genotype from a 
variety of zygotes and we will group these contributions according to the type 
of segregation that gives rise to it. In order that a given type of segregation, 
say c; (that in which the first factor is segregated from the others), give rise 
to a given genotype, say (ijk), the zygote must contain the i allele of the first 
factor at least once, and similarly the j allele of the second factor, and the k 
allele of the third factor. Moreover, these alleles must occur in the zygote so 
that the segregation of type c; can give rise to this genotype, i.e., the zygote 
must be one that has been formed from two particles one of which had the 
constitution (i--) and the other one the constitution (-jk), where the dots 
represent arbitrary alleles. These and only these zygotes will give the desired 
genotype by means of the specified type of segregation. 

We must now consider the probability that a given zygote is of a particular 
constitution, this probability to be expressed in terms of the relative frequen- 
cies, ax, of the haploid genotypes. In the case of homozygotes, (ijk) x (ijk), 
this probability is simply ajj,?. In the case of heterozygotes, (ij’k’) x (i’jk), the 
probability is twice the product of the genotype frequencies, since the sequence 
of the conjugants is irrelevant. 

In calculating the contribution of these zygotes to the genotype (ijk) we 
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must next take into account that the homozygotes contribute all of their segre- 
gants to (ijk) while the heterozygotes contribute only half of their segregants. 
The total contribution from both homozygotes and heterozygotes, by segre- 
gation of type c:, to the genotype (ijk) is thus simply 
C1 By, 5°,n° (aij Airjne) (5) 
Since none of the indices over which the sum is to be extended occurs in both 
factors we may perform the sum for each factor separately and obtain the very 
simple expression ¢1a;..a. jx. 
The effect of one round of random mating on the frequencies of the geno- 
types can thus be expressed by the following equation : 
aia” in Comp, 2 a...2-® £ Cxtp. Og, gO 
+ 9a.j.—Y ay. @—D + cga..g@—Nay.@-) (6a) 
This recurrence relation expressing the genotype frequencies must now be 
“integrated,” i.e., ai,"") is to be expressed in terms of the original genotype 
frequencies. To do this we observe first that a...=1 and that the symbols 
involving two dots represent allele frequencies and are therefore cons*-nts. The 
symbols involving a single dot are not constants, but they obey a simpler recur- 
rence relation which can be obtained from equation (6a) by summing over one 
of the indices, thus, for instance, putting n = 1, 


@. ju?) = Cod. jx + Cya...A. jx + Cod.j.A..4 + Cga..Ka.;. 
= (Co+C;)a.jx+(Co+Cg)a.j.a..x (6b) 
This is the general recurrence relation for a two-factor cross. We note that the 
second term on the right hand side of equation (6b) is a constant, since a.;. 
and a.., represent allele frequencies. Equation (6b) is therefore of the form 
Xn = Ata +B 
Xn—1 = AXn—2 +B 


xX, = Axo +B 
where A =co+cy, and B= (co+Cg)a.j.a..x. This is easily “ integrated” by 
multiplying the second equation with A, the third with A?, etc., and adding all 
equations. Thus we obtain x, in terms of xo and the constants: 
Xn = A"x9 + B(1-A")/(1-A) 
or, in our case, 
a. ju’ = (co + Cy) "a. 5x + [1 - (co F c,)"Ja j-4..k (7) 
We will return to this general solution of the two-factor case later. Here we 
use it to substitute the general expressions for the symbols involving a single 
dot from equation (7) into equation (6a) which thereby assume the form 
Xn = AXp-1+_B+CD"~! 
Xn—1 = AXn—2 +B+CD"-? 


x, = Axo + B+C 
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This we integrate again by multiplying the second equation by A, the third by 
A?, and so on, and adding all equations: 


Xq = XpA"+ B(A"—1)/(A-1) + CD"-1[(A/D)"-1]/[(A/D) - 1] 
Applying this procedure to equation (6a) we obtain 


aig’? = Co" aig + {A4..a.jx[ (Co +e1)"—Co"] +[...] +[.--]} 
+ 4; .8.5-2..4{1 — Co" — pad | (co + al - Co” ] } (8) 
The products involved in equation (6a) bear the following relation to the 


corner representing the genotype (ijk): at this corner three edges and three 


faces of the cube meet; the quantity multiplied into c; is the product of the 
edge along the 1 axis by the tace at right angies to this axis, and Simuiafiy tor 


the other terms. Equation (8) contains the same combinations, and in addition 
the last term, which is simply the product of the three faces meeting at the 
corner (ijk). 

If infection is made with a mixture of only two genotypes, differing in all 
three factors, we may express the genotype frequencies through a parame- 
ter f: 

ayi1 = (14+ f)/2, aveo = (1-f)/2, all others = 0 (9) 


We will call the parents majority and minority parent, respectively. Among 
the recombinants we will distinguish those which differ from the majority 
parent by only one factor from those which differ from the minority parent 
by only one factor. In the case of unlinked factors the first group will be more 
frequent than the second group, and we will call them, correspondingly, ma- 
jority and minority recombinants. 

Tables 2 and 3 list the coefficients which occur in equation (8) for the 
special cases of the bi-parental cross described by equation (9) and the tri- 
parental cross mentioned in the introduction. These coefficients are easily 
obtained by the rules stated in the preceding paragraphs. 

Equation (8) states the solution of our problem in the most general terms. 
We have just indicated how this is to be handled for the special cases of bi- 
and tri-parental crosses. Other specializations might concern the types of link- 


TABLE 2 


The coefficients occurring in equation (8) for the two-parental 
cross described by equation (9). 








Type wanted ijk 4a;4..8.3% 4a. 5.81% 4a..4Aij- 8aj..8. 5.8 ook 
Majority 111 (1 + f)? (1 + f? (1 + f? (1 + £)® 
parent 
Majority 211 1-f 0 0 (1+6*%1-£) 
tecombin. 121 0 1-f? 0 
112 0 0 1-f? 
Minority 122 1-f 0 0 (1 — £)*(1 + £) 
recombin. 212 0 1— f? 0 
221 0 0 1—f? 
Minority 222 (1 — f)? (1 — f}? (1 — £)? (1-f) 


Parent 
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TABLE 3 


The coefficients occurring in equation (8) for the parental mixture 
@au = Qin = 4112 = 1/3, all others = 0. 








ijk 27a j4..8. jk 274.5 -4iek 27a ..4Aije 2784 ..86j Book 
111 6 6 6 8 
211 3 6 6 4 
121 6 3 6 4 
112 6 6 3 4 
122 0 3 3 2 
212 3 0 3 2 
221 3 3 0 2 
222 0 0 0 1 





age between the three factors. Table 1 lists the values of the ¢; to be chosen for 
four particular cases. The corresponding results for the case of random-in-time 
mating are obtainable in every case by applying relation (1). 


Two-factor crosses 


We now return to equation (7) which expresses the effect of n rounds of 
random mating on an arbitrary initial population, and with arbitrary linkage 
(co+¢; = 1-—p) between two factors. It has been derived previously by several 
authors, including GEIRINGER (1944). 


If infection is made with a mixture of only two genotypes, differing in both 
factors, we may write 
ai1 = (1+f)/2 (majority parent) 
ago = (1-f)/2 (minority parent) (9a) 
aye = ag, = 0 
Substituting these values for ay, in equation (7) we obtain for the frequencies 
of parentals and recombinants after n rounds of synchronous random mating 
Maj. parent 4a," = 2(1+f)(1-—p)"+ (1+f)?[1-(1-p)?] 
Min. parent 4ag2") = 2(1-—f)(1-—p)"+(1-f)?[1-—(1-p)"] (10a) 
Recombinant 4a.) = (1-f?)[1-(1-p)?"] 
For random-in-time mating, with an average of m matings, we obtain, apply- 
ing equation (1), 
Maj. parent 4a,;°™ = (1+f)?+(1-f?)e-™? 
Min. parent 4azgo‘™ = (1-f)?+ (1-f?)e—™ (10b) 
Recombinant 4a,9'™ = (1 -f?) (1-e-™) 


Special cases of these relations are represented in figure 4c of the experimental 
part. 


Corrections for spread in maturation time 


We mentioned in the introduction that the phage population inspected in any 
experiment is actually a mixture of particles withdrawn from the mating pool 
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by maturation at various times, and that there are strong indications that 
among the vegetative phages mating continues during this period of matura- 
tion. Let us call mg the average number of rounds of matings at the time when 
the first particles mature, and m, the average number of rounds of matings at 
the time of lysis. 

We estimate the effect of the spread of maturation time on the genotype 
frequencies by the following procedure. We assume that the final population 
is a linear mixture of populations coming from mating pools in which m varies 
from mo to m;. Analytically this involves the averaging of expressions of the 
type e~™*. This average is 


e7™ = MO] — 0") /a (my — mo) (11) 


This procedure introduces two parameters, mo and m, instead of the previ- 
ous single m. Of these we determine mo by an independent experiment. Dorr- 
MANN and Hitt (1953a) have measured the recombination value for two 
pairs of markers, assumed to. be unlinked, among the earliest matured phages. 
This was done by experiments involving premature lysis. According to our 
assumptions, this should represent the frequency of the recombinant genotype 
at the time when the average number of rounds of mating equals mo, and from 
equation (10b) this frequency should be 


V2= (1-e7™”*)/2 (10c) 


The values found by DoERMANN and Hit for two different cases of presuma- 
bly unlinked factors are V2 = .34 and .25, from which mo = 2.3 and 1.4, respec- 
tively. It is not certain that the factor pair giving V2 =.25 is really unlinked. 
If it is slightly linked, the larger value, mo = 2.3 would have to be used. In our 
calculations in the later part of this paper, we base our estimates of the cor- 
rection introduced by taking into account the spread of maturation time on 
Mo = 1.4. If the actual mo is greater than this, the corrections would be smaller. 
In plotting genotype frequencies and their ratios, we use as the abscissa either 
n, the number of synchronous rounds of mating, or m, the average number of 
rounds of mating at a fixed maturation time, or M = (mp +my,)/2, the average 
number of rounds of mating when the maturation time has a spread. 


MATERIALS AND METHODS 


The viral mutations used as markers in our crosses were the /: (host range) 
mutant, several r (rapidly lysing) mutants, and the m (minute) mutant. All 
these mutants were isolated from the strain H of the bacteriophage T2, and 
have been extensively described by HERsHey and Rotman (1948 and 1949). 
The h mutant lyses strain B/2 of E. coli which is resistant to the ht+ type. 
When plated on strain B of E. coli, h and h* give the same type of plaque, but 
if a mixture of B and B/2 is used for plating, the A plaques appear completely 
clear, while the h+ plaques appear turbid as the phage is able to lyse only one 
of the two types of bacteria used as indicators. The r and the m mutant give 
a type of plaque which is clearly different from the normal one, as described 
in the papers of HERSHEY and Rotman. 
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The procedure of making a cross between two different strains of phage 
consists in infecting a certain number of growing bacteria with the two kinds 
of virus. The bacteria, infected with a mixture of the two, will lyse, yielding 
new phage. We refer to the infecting phage as the parent, and to the phage 
which is liberated upon lysis as the progeny. In this work we have used crosses 
either with equal or extremely unequal multiplicity. In the first type, we use 
the two parents in equal amount, and in order to reduce random variations in 
the number of particles adsorbed per bacterium, a multiplicity between 15 and 
20 particles per cell was used. DutBecco (1949) has shown that not more 
than about 10 phage particles can take part in the growth inside a single bac- 
terium. For this reason there is no advantage in using a higher multiplicity. 
The other type of cross, with very unequal multiplicity, consists in infecting 
the bacteria with an average of between 10 and 15 particles of one type, and 
an average of one phage of the other type to four bacterial cells. With this pro- 
cedure we infect each cell with a high multiplicity of one of the parents (ma- 
jority parent) and just a fraction of the cells with one particle of the other 
parent (minority parent). Few cells will adsorb more than one particle of the 
minority parent. To avoid exclusion of some particles due to previous infec- 
tion (Dutsecco 1952b), adsorption was made in buffer using a technique 
described by BENZER (1952). 

The technical procedure in making a cross consists of the following: a two- 
hour culture of EZ. coli strain H in broth, containing 108 cells per ml, is centri- 
fuged, washed in buffer, and resuspended in buffer at a concentration of 2 x 10® 
cells per ml. The suspension is mixed with an equal volume of a suspension of 
phage in buffer. The bacteria mixed with the phage are kept 10 minutes at 
37°C; at the end of this period more than 80% of the phage particles are 
adsorbed to the bacteria. At the end of the adsorption period, phage anti-serum 
is added to eliminate the unadsorbed phage. After 5 minutes of anti-serum 
treatment, the suspension is diluted in broth to a concentration of 10° bacteria 
per ml, and a tube containing this final dilution is kept at 37°C for two hours. 
At the end of this period all the cells have burst, and we can plate the yield 
after a further dilution made in order to have approximately 100 plaques per 
plate. 

Two different methods were used to classify the different genetic types 
among the progeny. In one method the phage yield is plated on double indi- 
cator (B+ B/2) so that every plaque can be classified for h, r, and m. As it is 
difficult to distinguish between rm and r+m, these two categories have always 
been pooled together. We call this the direct method. The other method, which 
we will call the sampling method, is applied in some three-factor crosses in 
which two of the markers are of the r or m type, and the third is of the h type. 
In this case, by plating on single indicator (B), we select plaques which show 
recombination for the first two markers. These plaques can be sampled, and 
by streaking the sample on B/2, they can be classified as h or h+. For instance, 
using two r’s at different loci, r; and re, we can make the following cross 
ryroth* xr, +reh. The r+ plaques can be sampled and classified as h or h+ by 
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streaking on B/2. This method is more laborious than the direct classification 
on double indicator plates, but it is also more reliable. 

The nutrient broth used is composed of Bacto peptone 10 g, Bacto beef 
extract 3 g, sodium chloride 5 g, glucose 1 g, per liter distilled water. The pH 
is 6.8. The buffer used for adsorption is composed of MgSO, (10-* M), 
CaCl, (10-4 M), NagHPO,4-12H2O (7.6 g) KH2PO, (1.5 g), NaCl (4.0 g), 
K2SO, (5.0 g), gelatin (.01 g), redistilled HzO (1000 ml), pH =7. Nutrient 
agar plates are poured with a minimum of 35 ml per 10 cm Petri dish of the 
following mixture: Bacto agar (10 g), Bacto tryptone (10 g), NaCl (8 g), 
Na-citrate (2 g), glucose (1 g), H2O (1000 ml). Agar for layer plating has 
the same composition, but contains only .6% agar. An amount of .2 ml of virus 
suspension is added to a tube containing 2 ml of top layer agar at 45°C, and 
2 drops of a 24-hour culture of the indicator bacterial strain. Plates are incu- 
bated for 18 hours at 37°C before being read. 


EXPERIMENTS 


The experiments we now wish to report correspond to special cases of the 
general theory. These cases are selected from several points of view. First, we 
describe a method which permits a test of the assumption of nonlinkage be- 
tween two factors. Second, we select a special case where the ratio between 
two genotypes affords a sensitive measure of the average number of rounds of 
matings. Third, we select a case which discriminates sharply between the 
assumptions of synchronous mating and random-in-time mating. Each of these 
cases concerns unlinked factors. Comparison with the experimental values per- 
mits us to estimate the parameters of the theory. We then turn to the con- 
sideration of bi-parental crosses involving three linked factors. Our attention 
will be focused on the recombination between two particular linked factors, 
A and B, among that portion of the progeny in which the second factor, B, has 
recombined with the third, C. Our theory, with its specifications derived from 
the analysis of unlinked factors, makes definite predictions as to how the re- 
combination of A and B in the selected part of the progeny should vary with 
the degree of linkage between B and C, and with the relative multiplicity of 
infection. The comparison of these predictions with the experimental results 
constitutes the principal test of the theory. 


Unlinked factors 


(1) A test of nonlinkage. There are a number of pairs of factors whose 
recombinants appear in the progeny with what appears to be a maximum fre- 
quency, and we conjecture that these factors are truly unlinked, i.e., that in 
individual matings between particles differing in these two factors the proba- 
bility of segregation into recombinants is exactly equal to one-half. This 
assumption cannot be tested directly because we do not have available a uni- 
form population produced by exactly one round of mating between unequal 
particles. However, the assumption can be tested in three-factor crosses by 
comparing certain classes of recombinants. Thus, in a three-factor cross in- 
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TABLE 4 


Results obtained in the cross brym* (111) x h*r,+m (222) with equal input of the 
two parents. The yield of cross I was examined by the direct method, the yield of 
cross 2 by the sampling method. 


(111) x (222) 











(*11) (+*2) (+21) 
(111) (211) (1 °2) (2 +2) (121) (221) 
Cross 1 142 93 220 252 105 99 
Cross 2 356 627 106 112 





Ratios between frequencies of different recombinants 
Cross 1 (121)/(221) = 1.06 Cross 2(121)/(221) = .95 

(211)/(221) = 94 
volving three unlinked factors, and made with equal input of the two parental 
genotypes, (111) and (222), the six recombinant genotypes should all be 
exactly equally frequent, irrespective of the number of rounds of matings and 
of their distribution in time. Table 4 shows an example of such a cross, in 
which three of the six recombinant genotypes could be estimated individually, 
and these three classes are indeed equally frequent within the limits of sam- 
pling errors. However, we have to be careful in assessing the value of this test. 
First we have to pay attention as to which classes, precisely, were found to be 
equally frequent. For instance, if the classes (211) and (221) are found 
equally frequent this merely means that the second factor is equally linked (or 
unlinked) with the first and third, since in recombinants between the first and 
third factor, the two alleles of the second factor are equally distributed. 

If now, a third recombinant genotype is found equally frequent with the 
two just given, say (212), this means that also the third factor is equally 
linked (or unlinked) with the first and second factor. Altogether, we conclude 
then that all three factors have a symmetric linkage relationship with each 
other, and this means that they are all three at least very nearly unlinked. 

One would like to estimate precisely how large a deviation from nonlinkage 
would still be compatible with our findings. Qualitatively one can say this: the 
larger the number of rounds of matings, the less conspicuous will be any effect 
of a slight amount of linkage. Actually, there are two opposing tendencies : 
on the one hand the effects of residual linkage are cumulative since they occur 
on every round of mating. On the other hand, every round of mating brings 
the genotypic mixture closer to genetic equilibrium, in a rapidly converging 
sequence. Thus, the deviation from equilibrium, within which the residual link- 
age might express itself, decreases rapidly, and differences of this deviation, 
due to residual linkage, become less and less measurable. 

In two-factor crosses between unlinked factors the frequency of recombin- 
ants is appreciably below 50 percent. From our point of view this deficit from ° 
50 percent is largely due to the spread in maturation time and the fact that at 
the beginning of maturation the population is still far from genetic equilibrium. 
Since we cannot predict this deficit quantitatively two-factor crosses furnish no 
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sharp criterion for nonlinkage. The three-factor test given here predicts a defi- 
nite value for certain genotype ratios in case of nonlinkage. It could be made 
more sensitive by inspecting the progeny at a stage when it has progressed less 
towards genetic equilibrium, using premature lysis. 

(2) The average number of rounds of matings. Three unlinked factors; 
unequal input. In the case of equal input all six recombinants are equally fre- 
quent and their frequency is equal to (1-1/2")/8. This fraction approaches 
1/8 very rapidly with increasing n. A much more sensitive measure of n is 
obtained by making the input of the two parental types very unequal. In this 
case we have two classes of recombinants, namely, majority recombinants, 
which differ by only one factor from the majority parent, and minority recom- 
binants, which differ by only one factor from the minority parent. The frequen- 
cies of these recombinants depend on the number of rounds of matings in the 
following manner: 


major. recombinant 8aj12'") = (1 — 1/2") (1-f#)(1+f-2£/2")  (i2a) 
minor. recombinant 8ago;‘") = (1 — 1/2") (1-f?) (1-£42f/2") (12b) 


In figure 3 these frequencies are plotted as a function of n for an input ratio 
of 9:1 (f=.8). The majority recombinant increases steadily with n, while the 
minority recombinant at first increases and then decreases. Qualitatively this 
behavior of the minority recombinant may be understood as follows: in the 
first round of mating most of the minority parents mate with majority parents 
This results in a great reduction of the fraction of minority parents and in the 
formation of a certain fraction of minority recombinants. In the next round of 
mating most particles again mate with majority parents. Since there are now 
much fewer minority parents, there will be a much smaller contribution from 
this type of zygote to the minority recombinants than in the first round. On 
the other hand, the minority recombinants formed during the first round will 
be largely eliminated by recombinations formed in the matings of these parti- 
cles with the majority parent. Thus, a net loss of minority recombinants occurs 
during the second round. 

Figure 4a shows the ratio of majority recombinants to minority recombin- 
ants. This ratio reaches a limiting value equal to the input ratio when genetic 
equilibrium is reached (n = infinity). However, this value is approached only 
very gradually. Even after five rounds of mating, the deviation from genetic 
equilibrium is very appreciable. The corresponding calculations for random- 
in-time mating are shown by dashed lines in figures 3 and 4a. Here the ap- 
proach to equilibrium is somewhat slower, but not sufficiently so to permit 
good discrimination. The corresponding calculations, if spread in maturation 
is taken into account according to the procedure outlined before (equation 11), 
are shown by the dotted line in figure 4a. 

In table 5 the results of two three-factor crosses using unequal multiplicity 
(input 9 to 1) are shown. The two parental types differing in three unlinked 
characters are the same as those in the cross of table 4. The two crosses differ 
with respect to which of the parents was used as majority parent. The ratio 
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Ficure 3.—The frequency of a majority recombinant, a minority recombinant, and 


the minority parent (aus, aden, ae2) in the progeny of three-factor crosses, as a function 
of the number of rounds of mating. The continuous curves refer to synchronous mating 
(n rounds), the dashed curves to random-in-time mating (m rounds). Unlinked factors. 
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TABLE 5 


Results obtained in the cross hr,m* x h*r,+m, using an excess of one parent 
over the other (input ratio 9 to 1). The yield was examined by the direct method. 
In cross 1 an excess of brym* (111) was used, in cross 2 an excess of h*r,*m (111). 
In both cases we indicate the majority parent with (111). 


(111) x (222) 
(111) (121) (112) (122) (211) (221) (212) (222) 











Cross 1 12581 288 319 289 51 86 
Cross 2 12128 176 50 198 37 21 
Ratio majority recombinant to minority recombinant 
Cross 1 (211)/(221) = 5.7 Cross 2 (112)/(122) = 3.5 

(121)/(221) = 5.7 (112)/(212) = 4.75 


Ratio minority recombinant to minority parent 
Cross 2 (122)/(222) = 2.4 
(212)/(222) = 1.75 

majority recombinant/minority recombinant aj12/ay22 can be calculated from 
these two crosses. In those cases in which we have more than one estimate of 
a class of recombinants the average is used. The values obtained are in good 
agreement with an estimate of five rounds of mating as can be seen by com- 
paring the values found with those plotted in figure 4a. 

(3) Synchronous mating versus random-in-time mating. In a cross with 
unequal input the minority parent is present as a very small fraction at genetic 
equilibrium, equal to the cube of the input fraction. In the case of synchronous 
mating this drop in frequency occurs fairly rapidly because every time a minor- 
ity parent mates with a majority parent, there is only a chance of one in four 
of the minority parent not being eliminated by recombination. In the case of 
random-in-time mating, the elimination of the minority parent is not nearly 
as rapid, since there is an appreciable fraction of particles not participating in 
the mating, and this effect is even more pronounced if spread-in-time matura- 
tion is taken into account. These relations are illustrated in figure 3. For 
practical purposes it is more convenient to determine the ratio of minority 
recombinants to minority parent, rather than the absolute frequency of the 
minority parent, and this ratio is given in figure 4b. The minority recombin- 
ant serves as a measure of the number of bacteria actually infected with the 
minority parent. Figure 4b shows that for an input ratio of 9 to 1, and five 
rounds of matings, the ratio between the two genotypes is 5.7 in the case of 
synchronous mating, 2.6 in the case of random-in-time mating, and 1.4 if 
spread in maturation is taken into account. 

Figure 4b is based on the following formulae, which are easily derived from 
the more general expressions given previously : 


Synchronous mating 
minor. recombinant 


Saroo™ = (1 — 1/2) (1 —f2) (1—£ + 2/2") (13a) 
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minor. parent 
Sagoo") = (1—£)3 + (1 -f?) [3(1 - f) + 2£/2"]/2" (13b) 
Random-in-time mating 
minor. recombinant 
Sajo0™ = (1 -f?) [(1-f(1 —e-™/?) + 2fe—™/2(1 -e-™*) J (13c) 


minor. parent 


Sagoo'™) = (1-f)3 + (1 -f?) [3(1 —f)e—™/? + 2fe—3™/4] 


(13d) 
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Ficure 4.—The ratio majority recombinant/minority recombinant (4a), and the ratio 
minority recombinant/minority parent (4b) in three-factor crosses, as a function of the 
number of rounds of mating. The continuous curves refer to synchronous mating 
(n rounds), the dashed curves to random-in-time mating (m rounds), the dotted curves 
incorporate the correction for the spread in maturation time (abscissa m). 


Only from cross 2 in table 5 can the ratio minority recombinant/minority parent 
(a122/a222) be calculated. In cross 1 the minority parent is pooled together 
with a minority recombinant as there is no way of distinguishing between mr 
and mr+, The values found (2.4 and 1.75) are compatible, as can be seen 
from figure 4b, with the value of five rounds of mating, with or without the 
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correction for spread in maturation (2.6 and 1.4). Moreover this experimental 
value is in sharp disagreeinent with the value calculated for five rounds of 
matings assuming synchronous mating (5.7). 

Two-factor crosses can also be used for this test, though the discrimination 
is not quite as sharp because the minority parent decreases only by a factor 
of 2 in every mating with the majority parent. 

In figure 4c we represent, as a function of n (or m or m), the ratio recom- 
binant/minority parent for unequal input (f= .8) for synchronous mating and 
random-in-time mating. The calculations are based on equations 10a and 10b. 

It will be seen that for five rounds of mating (n=5) and a large excess of 
the majority parent (f= .8) the recombinants are more frequent than the geno- 
type corresponding to the minority parent. This agrees with observation, as 
reported by DoERMANN and Hitt (1953a). In table 6 the value recombin- 


TABLE 6 


Results obtained in the two crosses of table 5 considering only two markers, 
r and m. The majority parent (11) is hm* in cross 1 and h*m in cross 2. 











(11) x (22) 

- (11) (12) (21) (22) 
Cross 1 12869 319 340 86 
Cross 2 12128 226 198 58 

Ratio recombinant to minority parent 
Cross 1 = (12)/(22) = 4.0 Cross 2 = (12)/(22) = 3.9 
(21)/(22) = 3.9 (21)/(22) = 3.4 


ant/minority parent has been obtained from the data of table 5 using the three- 
factor cross as a two-factor cross by considering only the markers r and m. 
Comparing these ratios with those calculated in figure 2 we see that also in this 
case our data (3.44.0) are compatible with five rounds of random-in-time 
mating (4.7) and disagree with synchronous mating (6.8). 


Linked factors 


Having specified the parameters of the theory by the preceding experiments, 
we now wish to discuss the implications of the theory with regard to recombi- 
nation between a pair of linked factors. The guiding idea of this analysis may 
be expressed as follows: in two-factor crosses, we may calculate an expression 
for the ratio V2 = a;2/a.2, i.e., the fraction in which a particular allele of the 
minority parent has recombined (equations 10a and 10b). We now wish to 
analyze how this fraction varies if, instead of considering the whole population, 
we confine our attention to that part of it in which the second factor has re- 
combined with a third factor. Qualitatively, this amounts to the selection of a 
portion of the population which, on the average, has mated more often with 
unequal parents than the whole population. Furthermore, this selection will be 
the sharper the closer the linkage between the second and the third factor. 
We should expect, therefore, that the ratio ajo,/a.2: is greater than the ratio 
ay2/a.9, and that the increase is more pronounced when the second and third 
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Ficure 4c.—The ratio recombinant/minority parent (a:2/as2) in two-factor crosses, 
as a function of the number of rounds of mating. The continuous curves refer to syn- 
chronous mating (n rounds), the dashed curves to random-in-time mating (m rounds), 
the dotted curves incorporate the correction for the spread in maturation time (abscissa mh). 
The upper curves are for unequal input, input ratio 9 to 1 (f=.8), the lower curves are 
for equal input (f—0). Unlinked factors. 
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TABLE 7 


V ratios, Synchronous Mating. 


Vv, = aM/a™ = (1+ [1-1 — p)"1/2 

Var = a /a™ = (1 + 1 - 2/29) [1 —  - p)"l/20 - 1/2) 

Vo. = ye ne =(1+f-(a+f- 2p)(1 — p)""]/2 (no interference) 
= (1+ [1 - (1 — p)™"))/2 (complete interference) 


V ratios, Random-in-time Mating. 
V2 = (1 + £)(1 — e ™")/2 
Var = (11 + (1 — e°™?) — 2fe-™ 201 — e ™P)I/2(1 — e- ™) 


Veit a Tt + f= (l+f- 2p)e™ ™P]/2 (no interference) 


(1 + £)(1 — e ™P)/2 (complete interference) 


i] 


factors are closely linked than when they are unlinked. We calculate the ratio 
ai21/a.21 for the two limiting cases where the second and third factors are, 
respectively, unlinked, or very closely linked. These limiting values will be 
called Vy, and V.;. In the formulas to be given p is the linkage parameter py2 
for the first and second factor (equation 2). The linkage parameter po3 = 1/2 
in case of Vy. In the case of close linkage V.. is independent of pos in the first 
approximation. Table 7 gives the general formulas for any input ratio, for 
synchronous and random-in-time mating. In tables 8, 9, 10, 11 and 12 the 
results of crosses involving recombination between the locus / and the locus r2 
are shown. From these experiments we obtain estimates of the values V2, Vu 
and V.. for values of f=0 and of f=.8. By assuming an average value of 5 
rounds of mating and random-in-time mating corrected for spread in matura- 
tion time, we first calculate (equation 10b) the value p from V2 for f =0, and 
obtain p = .14. Using this value p we calculate, using the formulas of table 7, 
all the other V values for f =0 and f =.8. Table 13 shows the calculated and 
the experimental values. 

Let us first consider the calculated values. Table 13 bears out the expecta- 
tion that selection increases the V ratio, and that the increase is slight in the 
case of unlinked factors but appreciable in the case of linked factors. The selec- 


TABLE 8 


Fraction of recombinants (V;) in crosses between b and ry with equal input 
({ = 0). Crosses 1 and 2 are the same cross made in coupling and repulsion, Cross 
1 is b*r, (11) x brat (22). Cross 2 is bry (11) x b*ry* (22). 








(11) x (22) 
(11) (22) (12) (21) 
Cross 1 683 511 169 189 
Cross 2 515 486 178 170 





Ratio V, recombinants to total 


Cross 1 V, = (a3 + a2)/(a**) = -23 
Cross 2 V, = (ay. + an)/(a**) = .26 
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TABLE 9 


Fraction of recombinants V4; between b and 1, with equal input ({f = 0). 7, was 
chosen as third unlinked marker. Crosses 1 and 2 are the same cross made in 
coupling and repulsion. Each cross was repeated twice and each analyzed using 
the direct method (d.m.) and the sampling method (s.m.). Cross 1 is b*r,*r, (111) x 
brar,* (222). Cross 2 is br,*r, (111) x b*ror,* (222). 


(111) x (222) 














(1°) (2°) (212) (112) 

Cross 1 d.m. 438 443 52 120 
s.m, 38 114 

Cross 2 d.m. 1362 1395 174 399 
s.m. 42 110 





(212)/(+12) = .30 Cross 2 dim. Vyy = (212)/(-12) = .30 
(212)/(*+12) = .25 s.m. Vy1 = (212)/(- 12) = .28 


Cross 1 d.m. Vy 
s.m. Ves 


tive influence disappears almost completely if we assume strong interference 
between two exchanges within the same linkage group. 

In addition, the calculations bring out three other features. First, that the 
increases are more pronounced in the case of random-in-time mating than in 
the case of synchronous mating; second, that the selective effect is greater 
in the case of equal input than in the case of very unequal input; third, that 
all the V ratios are almost twice as large in the case of very unequal input as 
in the case of equal input. The last point can be understood qualitatively as 
follows: the V ratios measure the fraction of the minority parents in which 
recombination between the first and second factor has taken place. This is 
twice as high in the case of very unequal input as compared to equal input 
because we assume that mating occurs at random with respect to partner. In 
the case of very unequal input, a particle of the genotype of the minority parent 
will nearly always mate with a particle of the genotype of the majority parent, 
while in the case of equal input, one half of the matings of a minority parental 
type will be with the same type. The increase in the V ratios when going from 
equal input to very unequal input is thus a direct consequence of the assump- 


TABLE 10 


Fraction of recombinants V.; between h and 1, with equal input ({f = 0). 1 was 
chosen as third marker closely linked to 1, Crosses 1 and 2 are the same cross 
made in coupling and repulsion. Each cross was repeated twice and analyzed each 
time using the direct method (d.m.) and the sampling method (s.m.). Cross 1 is 
bra*r, (111) x btry,*+ (222). Cross 2 is htrytr, (111) x bryry* (222). 


(111) x (222) 








(1++) (2++) (212) (112) 

Cross 1 d.m. 1585 1648 4l 64 
S.m. 46 78 

Cross 2. d.m. E if bos 836 21 34 
Ss.m. 71 118 





Cross 1 d.m. Voy 
s.m. V. 


(212)/(+12) = .39 Cross 2 d.m. Voy 
(212)/(+12) = .37 s.m. Voy 


(212)/(-12) = .38 
(212)/( +12) = .38 
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TABLE 11 


Fraction of recombinants V,,; between hb and r, with input 9 to 1 (f = .8). mwas 
chosen as third unlinked marker. Crosses 1 and 2 are the same cross made in 
coupling and repulsion. The frequency of the majority parent is indicated with the 
symbol (111). Cross 1 is h*ryry* (111) x brat, (222). Cross 2 is bryy* (111) x 
h*tr,*r, (222). Both crosses were analyzed by the direct method only. 


(111) x (222) 
(l++) (2 ++) (121) (221) 














Cross 1 11123 277 82 84 
Cross 2 5112 168 50 43 
Cross 1 Vyy = (121)/(+21) = .50 Cross 2 Vy = (121)/(+21) = .54 


tion that mating is random with respect to partner, and its experimental verifi- 
cation may be considered as a test of this hypothesis. 

The corrections due to spread in maturation time are in every case very 
small. 

The experimental results shown in table 13 agree reasonably well with the 
theoretical predictions. Due to the fact that the experiments are very laborious, 
the number of plaques on which some of the estimates of genotype frequencies 
are based is rather small, as can be seen from the standard error of some of 
the values. Three groups of values are certainly different from each other. For 
f=0, V2 and Vy are in the range of 24-29%, while V.. is certainly greater 
(38% ). For f = .8 all the V values are in the range 49-55%. 

The experiments thus confirm some of the theoretical predictions and are 
not accurate enough to test certain others. They confirm: 

(1) the increase of the V ratios in going from equal input to very unequal 
input, thus supporting the assumption that mating occurs between vegetative 
phages pairing at random. 

(2) the selective influence of recombinations within the same linkage group, 
thus supporting the assumption that entire linkage groups are involved in the 
elementary acts of recombination, and suggesting that there is no strong inter- 
ference between different exchanges within the same linkage group. 

The experiments are not clear-cut in testing the selective influence of recom- 
binations with an unlinked factor. The predicted effect is very small, the effect 


TABLE 12 


Frequency of recombinants V.., between bh and 1, with input 9 to 1 ({f = .8). 1 
was chosen as third marker closely linked to 12 Crosses 1 and 2 are the same 
cross made in coupling and repulsion. The majority parent is indicated with the 
symbol (111). Cross 1 is bra,* (111) x btrg*ry (222). Cross 2 is btrar,* (111) x 
br,*r, (222). Both crosses were analyzed by the sampling method only. 


(111) x (222) 








(121) (221) 
Cross 1 61 45 
Cross 2 47 45 





Cross 1 Vy = (121) +21) = .58 Cross 2 V., = (121)/(-21) = .50 
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found experimentally is in the same direction and slightly larger than the pre- 
dicted value, but the standard errors are a little too large for this to be con- 
vincing. Within the group of experiments here reported, this is the only fairly 
direct test of the assumption that in the elementary act of recombination not 
only whole linkage groups but also entire vegetative phages are involved. It 
would be quite cumbersome to do this experiment on such a scale as to verify 
or exclude with certainty the small theoretically predicted difference between 
Vu and V2. The point in question could be tested more efficiently in four- 
factor crosses with two linked factors on each of two linkage groups and de- 
termining the fraction of recombinants for one pair of linked factors among 
that portion of the progeny which carries the recombination for the other pair 


TABLE 13 


Fraction of recombinants (V) between loci h and 13. 











> Calculated 
Experimental 
(1) (2) (3) (4) 
f=0 
V,a,,/4., 24.5 + .0078 25 soo .26 24 
Vat. .29 + .014 .27 wi .27 .27 
Ves A/a... .38 + .022 32 .25 .30 31 
f = .8 
V,a,,/2., 49 + .07 45 — .48 43 
Vat 945,/8.95 51 + .031 47 me 43 .47 
Ver 4,,,/8.55 54 + .041 52 45 48 50 





The V ratios have been calculated on the following assumptions: 
(1) Random-in-time mating, no interference. 
(2) Random-in-time mating, complete interference. 
(3) Synchronous mating, no interference. 
(4) Random-in-time mating, no interference, corrected for spread in maturation 
time. 


The number of matings is estimated to be 5 from the crosses with unlinked char- 
acters. The linkage parameter p is estimated from the value of V, for f = 0, which 
gives p = .14. 
of linked factors. Suitable markers for such an experiment are not yet avail- 
able in T2. 

In the case of unequal multiplicity, the theory predicts a lesser shift in the 
V ratios due to selective influences, than for equal input. In this respect, the 
theory is confirmed by the experiments with fair certainty. The actual value 
of the shift is also of the right order, and in the right direction, but the stand- 
ard errors are too large to consider this point of the theory confirmed. 


DISCUSSION 


In the foregoing pages we have presented a theory of genetic recombination 
in phage according to which a mixed infection of a bacterium with different 
genetically marked types represents not a simple genetic cross but an experi- 











30 N. VISCONTI AND M. DELBRUCK 


ment in population genetics. The intracellular population of vegetative phages 
undergoes several rounds of mating. Mating is random with respect to partners 
and, presumably, random with respect to time. Superimposed on these proc- 
esses is the maturation of the vegetative phages, which removes them from the 
pool of multiplying and mating particles, and which is assumed to be random 
with respect to genotype. 

The general purpose of the theory is to explain and predict the results of 
crosses (mixed infections). The variables of the experiments are the markers 
and their linkage relations, the ratio between the infecting parental particles, 
and the time of inspection (at normal lysis time, or earlier, in the case of 
premature lysis, or later, in the case of delayed lysis). 

The theory fits with some very general notions concerning the life cycle of 
bacteriophages, namely, the transformation into vegetative phage and the 
accumulation at a linear rate of mature phages from a pool of growing and 
recombining vegetative phages, as derived both from genetic and from bio- 
chemical tracer studies. 

The principal accomplishment of the theory is that it accounts for (1) the 
occurrence of particles in the progeny which combine markers from more than 
two parents, (2) the deviations from genetic equilibrium and their decrease in 
the course of time, and (3) the positive correlation between different recombi- 
nations in the progeny population. This positive correlation should and does 
(DoERMANN and Hit 1953b) also show up in simple mapping experiments 
with two-factor crosses. Map distances (i.e., the linkage parameters p) calcu- 
lated by our equation (10b) show neither positive nor negative correlation, 
suggesting that there is little, if any, interference between different exchanges 
within the same linkage group. 

Our theory may be contrasted with an hypothesis suggested some time ago 
by SturTEVANT (cf. HERSHEY and RoTMAN 1949) regarding the origin of re- 
combinants: this hypothesis assumes that the progeny phage particles are 
copied from patterns provided by the parental particles. Half finished copies 
can switch from one pattern to another, thus producing recombinants. A formal 
development of this hypothesis requires additional specifications, of which the 
most important is a specification as to whether or not copies, including un- 
finished copies, in turn become patterns. We will assume that the copies do not 
become patterns since otherwise the process would lead to a very rapid pro- 
gressive fragmentation of the genetic material. In a formal development assum- 
ing fixed patterns the switching from one pattern to another would be equiva- 
lent to one mating in our theory. The principal characteristic of this hypothesis 
is that reciprocal recombinants are made in statistically independent acts. It 
thus accounts elegantly for the lack of correlation between reciprocal recom- 
binants observed by HERSHEY and RoTMAN (1949). Our theory also accounts 
for this lack of correlation, through the randomizing influences of multiplication 
and maturation after recombination. On the other hand, this hypothesis permits 
the occurrence of only one recombination per switching, which is equivalent to 
one mating. It implies, therefore, complete interference in any one mating for 
different recombinations within the same linkage group, and this, as we have 
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shown, is in conflict with the findings here reported and with those of Dorr- 
MANN and Hit (1953b). Another implication of STURTEVANT’s hypothesis 
is that the genetic composition of the intracellular phage population should be 
independent of time, and this, too, is contradicted, both by experiments with 
premature lysis (DoERMANN and HILt 1953a) and with delayed lysis (LEvin- 
THAL and VisconTr 1953). 

One aspect of phage genetics which has not been accounted for by our 
theory is the work of HersHEy and Cuase (1951) on heterozygous phage 
particles in the progeny. HersHeEy finds that about 2% of the progeny from 
a bacterium infected with equal input of two marked parents is heterozygous 
with respect to any given factor. At first sight one is tempted to interpret these 
particles by the assumption that a certain random fraction of the zygotes of 
vegetative particles in the mating pool mature without segregating. In two- 
factor crosses this leads to the prediction that heterozygosis with respect to 
one of the two factors should be strongly correlated with heterozygosis with 
respect to the other factor, and that this correlation should increase with the 
degree of linkage between the two factors. In contradiction with this HERSHEY 
finds zero correlation when the two factors are unlinked. When the factors are 
closely linked Hersuey does find a correlation but not nearly as large a one 
as required by our assumptions. We see no simple way of accounting for this 
discrepancy and therefore consider it unlikely that the heterozygotes should be 
interpreted as a sample from the zygotes in the mating pool. 

We may conclude by saying that, from the point of view of this theory, 
mixed infection constitutes a very complex genetic experiment, and that the 
complications are mainly due to the experimental difficulties which stand in 
the way of an analysis of single matings. Particularly, the idea that in the ele- 
mentary mating process reciprocal recombinants are produced in exactly equal 
numbers seems at present not susceptible to any direct experimental tests. On 
the whole, our theory tends to place the genetics of phage very much in line 
with orthodox genetical theory, as it has been worked out for higher organisms. 


SUMMARY 


A theory of recombination of genetic markers of phage particles during 
mixed infections of bacteria is developed. The theory assumes that the paren- 
tal particles upon entering the host cell become vegetative particles, that these 
particles multiply, mate pairwise, repeatedly, and random with respect to 
partner. Further, that maturation of vegetative particles into mature infective 
particles is irreversible within the mother cell, and that the matured particles 
do not multiply and do not mate. 

The population genetics problem thus posed is solved quite generally for 
two- and three-factor cases and worked out in detail for several special cases. 

Experimental results for several two- and three-factor crosses, involving 
either unlinked factors, or factors linked in various ways, are presented and 
are compared with the theoretical predictions. These results are in full agree- 
ment with the theory if the average number of matings per vegetative particle 
is taken to be five. The experiments may be considered as supporting specifi- 
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cally the assumption that mating is random with respect to partner, and that 
at least whole linkage groups are involved in the elementary act of recombina- 
tion. Further, interference between different recombinations within the same 
linkage group, if it occurs at all, is far from complete. 

A three-factor test is described for which certain genotype ratios in the case 
of nonlinkage are exactly 1:1, independent of various influences which lower 
this ratio in two-factor crosses in an amount that cannot well be predicted. 
Experimental results are presented which confirm this 1:1 ratio. 
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APPENDIX 
A theorem on random-in-time mating (N. Symonds) 


The effect of random-in-time mating for a period during which each particle mates 
on the average m times is equal to that of splitting the total population into non- 
intermating groups of size pi, pz, ...., where pr(m) =m" e™/r!, and letting each 
group undergo r rounds of synchronous mating. 

The proof of this theorem rests on the fact that equation (6a), which expresses the 
relation between the genotype frequencies in one generation in terms of those in the 
preceding generation and which appears to be a quadratic relation is actually linear be- 
cause the sums of genotype frequencies represented by the symbols involving two dots 
are not variables but constants, since they represent allele frequencies. 

Equation (6a) may thus be written symbolically as 

a™ — La®-v (1) 
where a represents the set of eight numbers a:;x and L represents a linear operator. 

When mating is random-in-time, the gene frequencies become functions of time rather 
than of the number of rounds of mating n, and the recurrence relation (6a) is replaced 
by a differential equation. If we choose as the time unit the time in which a particle 
mates on the average once then in the time element dm the fraction adm mates and is 
replaced by the fraction Ladm. Thus the differential equation for a is 


da/dm = La—a (2) 
or 
d(ae™) /dm = Lae™ (2a) 


Symonds’ theorem may be stated by saying that the solution of this differential equation 
which satisfies the initial condition is 


hi Zp, a” (3) 
where 
a” = L r a” 


is the distribution of genotypes after r rounds of synchronous mating. To verify that 
(3) is the desired solution of (2) we observe, first, that for m0 we obtain from (3) 


a(0) =a” 
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since, for m=0, po=1 and all other pr—0. Second, substituting (3) into (2a) 
we obtain on the left 


d(ae™)/dm= Za“ d(pre™)/dm=Za™ pry e™ r/m (4) 
and on the right 
Lae™ — L2p,a‘’e™ —. ya" + op e* (5) 


The two expressions (4) and (5) are equal, as may be seen by comparing the co- 
efficients of the same a“ in both series and noting that the fractions pr obey the 
recurrence relation 


pr r/m=—pr-1 


The crucial step in this proof occurs in equation (5) where we make use of the 
fact that the operator L operating on a sum of distributions is equal to the sum of the 
distributions obtained by letting the operator operate on each term of the sum separately. 
It is here that we make use of the linearity of the operator. As may be seen by 
reference to the more general treatment given by GerRINGER (1944), it is only in one-, 
two-, and three-factor crosses that the recurrence formula corresponding to (6a) can 
be looked upon as a linear relation. When more genetic factors are involved products 
occur in the recurrence formula of which neither factor is a constant. Then the re- 
currence relation is truly quadratic and the solution of the differential equation (2) is 
not of the simple form (3). 
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X& a result of studies on natural populations and of long-term selection 
experiments on laboratory and domestic animals, it has become increas- 
ingly apparent that one of the central problems of population genetics lies in 


the elucidation of the processes involved in the “ adaptive integration of heredi- 
tary systems” (Dusinin 1948). The study of balanced polymorphism or, 
more broadly, of the maintenance of balanced genotypes in populations under 
natural or artificial selection (MATHER 1941; MATHER and Harrison 1949), 
by following the fate of specific marker genes incorporated in balance mecha- 
nisms presents one obvious approach to this problem. 

Genes affecting the antigenic structure of the erythrocytes promise to be of 
this type. The procedures used to identify them are selective in the sense that 
they will pick out those genes which are maintained in a heterozygous state 
in populations studied. Furthermore, the number of loci at which segregation 
is still occurring in inbred lines (BRILEs and McGrppon 1948; Brives 1949) 
suggests that at least some of the known antigen loci of chickens may be associ- 
ated with balance mechanisms. 

There are two general methods of attack on the problem. First, lines sub- 
jected to inbreeding may be tested to determine whether the computed homo- 
zygosity is accurately reflected in the percentage of loci at which fixation has 
occurred. Should segregation be found at a given locus in a significantly larger 
proportion of small inbred populations than inbreeding coefficients would indi- 
cate, it may be inferred that the adaptive values of heterozygotes are greater 
than those of homozygotes. This apparent superiority of the heterozygotes may 
be the result of the action of the antigen alleles themselves or of alleles at loci 
closely linked with the antigen locus. Secondly, gene frequencies may be deter- 
mined in successive generations of non-inbred populations and the forces 
responsible for changes in them or for their stability studied. 

As part of a general study of the population genetics of a White Leghorn 
flock of chickens maintained at the University of California, an investigation 
using both of these methods within the limits of the techniques available was 
undertaken, and evidence on the adaptive nature of blood group alleles (or 
gene blocks containing them) was obtained. 


MATERIALS AND METHODS 


The data used in this study were obtained from the production-bred flock 
and twelve inbred specialty lines, all of which have been described in con- 
siderable detail by LERNER (1950). The primary criterion of selection in the 
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production-bred flock during the years involved in this study (1948-1951) 
was a selection index which took into account the number of eggs laid by the 
individual, a family weighting coefficient based on the heritability of produc- 
tion, and the size of the full sister family. Other economic characters such as 
egg size, incidence of blood spots in eggs, hatchability, and shell quality were 
considered to some extent. Two-year-old or older hens were used as dams 
until 1949 when pullet selection was initiated. Thus the parents of the 1950 
and 1951 generations consisted of both hens and pullets. Cockerels and a few 








TABLE 1 
Description of inbred lines. 
Inbreeding 
Character under Year Sires coefficient 
Line A of females only Additional references 
selection oe no. 
origin isiahasepee cabal 
1949 1950 

HNP _ High egg number 1944 1 -491 .473 Duzgunes 1950, Lerner 

in November 1950, Shultz 1953 
HNM High egg number 1944 1 +523. 575 +Duzgunes 1950, Lerner 

in November 1950, Shultz 1953 
LNP Low egg number 1944 1 .384 .390 Duzgunes 1950, Lemer 

in November 1950, Shultz 1953 
LNM___—s Low egg number 1944 1 .435  .484 Duzgunes 1950, Lemer 

in November 1950, Shultz 1953 
HWP High egg weight 1944 1 -320 .333  Duzgunes 1950, Lerner 

in November 1950, Shultz 1953 
HWM __— High egg weight 1944 1 -398 .480 Duzgunes 1950, Lerner 

in November 1950, Shultz 1953 
LWP _ Low egg weight 1944 1 -476 .490 Duzgunes 1950, Lerner 

in November 1950, Shultz 1953 
LWM Low egg weight 1944 1 -430 .403 Duzgunes 1950, Lerner 

in November 1950, Shultz 1953 


WP High incidence of 1936 1 -412. .474 Lemer and Taylor 1947 
winter pause 

Size Long shanks 1938 1-3 -344 .371 Lerner 1943, Lerner 
and Dempster 1951 

CT Crooked toes 1943 1-2 -369 .385 Hicks and Lerner 
1949, Hicks in 
preparation 

RCT Normal toes 1946 1 -478 .538 Hicks and Lerner 
1949, Hicks, in 
preparation 





progeny-tested cocks were used as sires. All specialty lines originated directly 
from the production-bred flock except for the Reverse Crooked Toe line which 
was derived from the Crooked Toe line. The pertinent data concerning these 
lines with references to additional descriptions of them are given in table 1. 

The methods used in distinguishing the blood groups of chickens have been 
adequately described by Brites, McGrszon and Irwin (1950). In brief, iso- 
immune reagents were prepared each of which contained antibodies reactive 
only with the antigenic products of particular alleles. To determine the anti- 
genic constitution of the various populations, the red blood cells of each 
individual bird were tested separately for agglutination with the different 
reagents. 
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DESCRIPTION OF ALLELES 


Terminology. In general, the terminology used in this paper follows that of 
3RILES, McGrppon and Irwin (1950). An italicized capital letter is assigned 
to each locus (e.g., X). A gene having antigenic effects is symbolized by an 
italicized capital letter, designating the locus, followed by a superscript indi- 
cating the ability of the antigenic substance determined by that allele to react 
with a particular reagent or reagents (e.g., X' or X’*). An italicized small 
letter is used to denote an allele for which no antigenic effect has been recog- 
nized with available reagents (e.g., «). A reagent is indicated by a digit or 
digits preceded by a standard capital letter denoting the locus of the gene 
producing the homologous antigen (e.g., X1). 

The maximum number of allelic types that may be identified at a particular 
locus by the criterion of presence or absence of agglutination depends upon the 
number of different reagents available. If two reagents X1 and X2 are avail- 
able, the alleles at the X locus could only be classified into four groups— 
X1, X*, X!* and x. Thus, it is possible that the term “allele” as used in dis- 
cussing these studies may in reality refer to a group of two or more individual 
alleles having phenotypic antigenic properties so similar that they react alike 
to the reagents employed. If additional reagents of slightly different specificity 
were prepared such “allelic groups” could be separated into the individual 
alleles. The B and C systems of blood groups in cattle illustrate the multi- 
plicity of alleles that may exist at a given locus, 80 and 22 alleles respectively 
having been distinguished (STORMONT, OWEN and IRwIn 1951). It would be 
more conservative to look upon the classification used here as being a pheno- 
typic one, i.e., birds whose cells react in one way with a group of reagents are 
compared with birds whose cells react differently. However, for the sake of 
simplicity, the terms heterozygosity and homozygosity will be used even though 
they may be relative terms. 

A locus. Two A locus reagents, respectively designated A7 and A9, were 
used throughout this study. Individuals reacted to one or the other or both 
reagents demonstrating the presence of two alleles A* and A® and the possible 
presence of an A*® allele. Numerous progeny tests obtained during the course 
of this study gave no evidence of the presence of an A™ allele. Hence it 
appears that just two alleles (or classes of alleles), A’ and A®, are present in 
this flock. 

B locus. Two reagents, B2 and B6, were available. Three alleles, B?*, B® 
and b, were present in the production-bred flock. A fourth allele, B?, may have 
been present in some of the twelve inbred lines. 

D locus. One reagent, which has since been identified as D1 (Brites 1951), 
was available. Both positive and negative reactions to it were obtained, indi- 
cating the presence of two alleles, D! and d. 


HETEROZYGOSITY IN INBRED LINES 


The degree of inbreeding in a population may be defined, in relation to some 
arbitrary starting point in the history of the population, as the proportional 
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decrease in average number of heterozygous loci per individual. The method 
developed by WricuTt (1923) for the estimation of the degree of inbreeding 
is based on ancestral relationships and hence requires the assumption among 
others of no selection in favor of the heterozygotes. Unfortunately, this assump- 
tion is frequently made without question as to its general validity. In addition 
to the inferences which may be drawn from selection experiments there are 
more direct indications that the actual degree of homozygosity in inbred popu- 
lations may be less than that indicated by an inbreeding coefficient computed 
on the basis of ancestral relationships. Specifically, in the material studied here, 
Dizciines (1950) found some tendency towards the elimination of the more 
homozygous individuals. 

This problem might be approached directly by studying the rate at which 
homozygosity is achieved at loci where alleles exhibit serological differences 
provided a large number of antigens could be detected (LERNER 1950). This 
ideal situation is as yet not achieved, only four loci having been identified 
(Brives, BriLes and QuiIsENBERRY 1950, and in press; BRILEs, McGIBBON 
and Irwin 1950; Brites 1951). Nevertheless studies of the available loci seem 
to be well worthwhile and perhaps indicative of the general situation. Thus 
BriLes and McGrpzson (1948) found that segregation of alleles at the A and 
B loci was still occurring in two inbred lines of chickens having inbreeding 
coefficients of .52 and .60. Brites (1949) found each of three additional lines 
to be unfixed at two or more loci. Further studies of this type on three of the 
four known loci (A, B, and D) in the inbred lines of the U. C. flock are pre- 
sented here (tables 2, 3, and 4). 

A locus. The proportion. of heterozygotes divided by the term (1-F) 
should remain constant as inbreeding increases, if the assumptions (i.e., no 
selection, etc.) on which the inbreeding coefficient computations are based are 
met. If this ratio exceeds .5, selection for heterozygosity may be inferred. On 
the other hand, in the absence of selection, this ratio should equal or be less 
than .5, and should furnish an estimate of the proportion of heterozygotes in 
the original population. The weighted (for the 1949 and 1950 generations) 
average ratio for each of the eight inbred lines originating in 1944 was com- 
puted from which a grand mean of .444 + .172 was obtained. The magnitude 
of this value, coupled with the fact that six of the twelve lines have become 
fixed (table 2), makes it improbable that there is a strong selective advantage 
of the heterozygotes at this locus. 

There seems to be no relationship between artificial selection and the fre- 
quency of the 4 locus alleles in the various inbred lines. Since inbreeding has 
proceeded relatively rapidly in the majority of these lines and since any direct 
relationships between alleles and any particular one of the individual charac- 
ters selected for were found to be small and inconsistent in studies on the pro- 
duction-bred flock to be discussed later, one would expect that drift at this 
locus would hold sway over any possible small selective pressures. 

B locus. Eleven of the twelve inbred lines still appear to be unfixed at the 
B locus and the twelfth line (R.C.T.) may possibly be so (table 3). The reac- 
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TABLE 2 


Gene frequencies at the A locus in the inbred lines. 





Year of hatch and sexes tested 











Line 1948 females only 1949 females only 1950 males and females 

No. Frequency of No. Frequency of No. Frequency of 
tested A’ tested A’ tested A’ 

HNP 2 0 17 232 14 229 

HNM 1 0 33 0 rj 0 

LNP 4 1 25 1 26 1 

LNM 3 1 18 1 25 1 

HWP 4 38 23 057 26 73 

HWM 3 0 13 0 33 0 

LWP 5 -30 15 -80 41 -59 

LWM 3 0 12 025 5 -40 

wP 1 -50 8 81 31 -90 

Size = ue 17 1 10 1 

CT shite ae ae sie ll -96 

RCT ron kasi = ie 12 1 





tions of the cells of some individuals in these lines could not be relied on 
because of spoilage of the reagents used on certain days; the results of tests 
performed on these days (except in the C.T. and R.C.T. lines) are not in- 
cluded in the table. Unfortunately, the reagents used to test all of the indi- 
viduals from the C.T. and R.C.T. lines were found to be weak. It is possible 
that the 13 birds in these lines which reacted strongly with B2 but only very 
weakly or not at all with B6 should properly be considered to be reactive with 
both reagents. In this event the R.C.T. line may possibly be homozygous. The 
C.T. line is definitely heterozygous in either case. Individuals from three gen- 
erations were pooled to obtain the numbers given in table 3. Hence this table 
shows the extent to which segregation is occurring but is not indicative of the 
actual frequency of alleles in these lines in any single generation. 


TABLE 3 


Distribution of individuals in the inbred lines according to the reactions of their 
cells with the B reagents. (Pooled numbers from three generations; see text.) 











Reagents 
Line Total 
B2 B6 B2 and B6 Neither 

HNP 15 0 0 2 13 
HNM 27 2 0 13 12 
LNP 20 2 5 10 3 
LNM 27 1 1 24 1 
HWP 23 2 5 3 13 
HWM 27 0 19 8 0 
LWP 17 0 0 11 6 
LWM 15 0 3 10 2 
WP 6 0 4 0 2 
Size 20 1 16 3 0 
CT 1l 3 0 0 8 
RCT 12 10 0 2 0 
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TABLE 4 


The distribution of individuals according to the reaction 
of their cells to the D1 reagent. 





Year of hatch and sex tested 





Line 1948 females 1949 females 1950 males 








Positive Negative Positive Negative Positive Negative 





HNP 1 1 12 5 6 0 
HNM 1 0 33 0 7 0 
LNP 4 0 25 0 26 0 
LNM 3 0 18 0 25 0 
HWP 4 0 23 0 12 0 
HWM 3 0 13 0 14 1 
LWP 5 0 15 0 10 0 
LWM 3 0 12 0 2 0 
WP inte joe i 0 13 0 
Size _ ons 17 0 20 0 
CT san =e zoe at ll 0 
RCT sini one os #3 10 = 
Prod. flock 46 3 85 4 59 0 





*All but two of the positive reactions were very weak. Hence the two negative 
reactions may merely represent missed reactions (see section on multiplicity of 
alleles). 


TABLE 5 


Gene and genotypic frequencies at the A locus in the expected total populations 
calculated on the basis of equal reproductive fitness of parents, in the observed 
total female populations, and in the selected female populations of the production- 
bred flock. 





Year of hatch 
































1948 1949 1950 1951 
Se- Observed Se- Expected Observed Se- Expected Observed Se- 
lected total* lected total total**® lected total total lected*** 
Genotype Genotypic frequencies 
A’/A’ .08 .08 19 13 ll -10 -16 -16 -08 
A’/A° 25 47 65 “55 64 +76 48 45 55 
A’ / AP .67 45 «16 +32 25 +14 -36 39 -37 
Allele Gene frequencies 
A’ +20 +32 -51 41 43 -48 -40 -38 +36 
A’ -80 68 49 59 -57 52 -60 62 64 
No. of 
birds 49 473 37 151 50 654 49 
Age at 
test in 
months 27 17 11 3 





*Frequencies in the group rejected from breeding (436 birds) were estimated from 
a sample of 53 birds. 

**Approximately 29 percent of the total generation were included in this study. 

***These birds were selected from a group of 254 birds. The genotypic fre- 
quencies of this group were .16, .48, and .36 respectively. 
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In contrast to the A locus, natural selection must be operating rather 
strongly towards the maintenance of heterozygosity at the B locus. The conse- 
quence of such selection will be discussed more fully in connection with studies 
in the production-bred flock. 

D locus. Table 4 shows that the D! allele was present in very high fre- 
quency in the production-bred flock from which all inbred lines had their 
origin. Hence one would expect on the basis of chance fixation of alleles that 
most of the lines would be homozygous for this allele. This proves to be the 
case. Only two lines, HNP and HWM, definitely contain the d allele. In addi- 
tion, the RCT line may possibly carry such an allele. The remaining nine lines 
appear to be homozygous for D? although d may be present in low frequency 
and hence occurs only in the heterozygous state. 


QUANTITATIVE STUDIES OF THE A Locus 


The gene and genotypic frequencies in samples from four generations of the 
production-bred flock and the approximate ages of the birds when tested are 
given in table 5. There was no evidence of differential viability of genotypes 
so frequencies calculated from the total birds tested are used in all later 
discussions. 

Artificial selection appears to have favored the heterozygotes. Thus the fre- 
quency of heterozygotes in the 1949 group selected on the basis of records to 
January 1 was .65 in comparison to .47 for the total population. The same 
situation prevails in the other two generations studied: the frequencies of 
heterozygotes in the breeder and total groups being .76 and .64 respectively 
in 1950, and .55 and .45 in 1951. 

Direct comparisons between the heterozygotes and the A® homozygotes (the 
A’ homozygotes being too few in number to give reliable results) for the 
characters primarily used in selection showed that in 1949 the heterozygotes 
were definitely superior to the A® homozygotes for full sister family size, the 
number of eggs laid, and the production index (thus giving a much higher 
selection index), and were equal to the A® homozygotes for November egg 
weight (table 6). In 1950 no such superiority of heterozygotes was evident 
except for family size. This was not sufficient to compensate for the slightly 
lower egg production, the resulting selection index being lower than for the 
homozygotes. The heterozygotes, however, were superior for egg weight. Mor- 
tality during the laying period, percent of eggs showing blood spots, and per- 
cent creamy eggs were examined as possible factors differentiating antigen 
genotypes, with negative results. In 1951 the heterozygotes were approxi- 
mately equal to the A® homozygotes for both the selection index and egg 
weight. Thus, unless chance is to be accepted as the cause for the selection of 
a greater percentage of heterozygotes, one must assume that the heterozygotes, 
although not superior to the homozygotes for any one character in all years, 
were generally above average for all characters considered. In other words, 
the heterozygotes appeared to be generally better adapted with respect to the 
totality of characters for which there has been selection pressures in past 
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generations. This situation is similar to that of the Rt and rt genes in Ephestia 
kiithniella (Caspart 1950). 

Natural selection does not appear to be important in this case as indicated 
by the close agreement of the observed frequencies in the 1950 and 1951 gen- 
erations with the frequencies expected on the basis of equal reproductive fitness 
of parents (table 5) and by the more detailed studies below. 

The observed Mendelian ratios in segregating families of the 1950 and 1951 
generations were compared with the expected ratios (table 7). The only value 
approaching significance by the x” test (P between .05 and .10) was from the 
offspring of a special mating pen set up to provide material for a future experi- 
ment. The parents were birds selected from the production-bred flock after the 


TABLE 6 


Production characters of A locus genotypes. 











Full sister ee No. Ege weight 
Group Genotype No. family size yo oe "7 — f . 
at banding _— €885 Beginning Spring 
1948 A’/A’ 4 6.50 PER 87.4 96.0 38.5 56.8 
females A7/A° 12 9.67 eaeeue 83.7 83.2 41.8 57.6 
A’/AP 33 8.73 ets 87.6 95.8 41.7 59.6 
1949 A’/A’ 40 8.75 226.0 37.8 20.0 42.7 56.8 
females A’/A® 221 8.21 199.8 32.8 25.2 45.8 58.0 
Ask» 242 722 155.3 24.2 19.4 45.8 58.4 
1950 A’/A’™ 17 7.70 210.2 62.7 68.6 50.2 59.5 
females A’/A® 96 7.57 207.7 62.7 65.3 51.0 59.9 
A®/A® 38 7.18 219.1 63.5 72.1 49.3 58.3 
1950 A’/A’™ 6 oS ee 
males A’/A° 26 7.85 eassenne 
A°’/A° 27 ie ie Ses ie 
1951 A’/A” 105 7.65 211.7* 76.7* 83.2%  50.6* 
females A7/A® 293 8.50 207.2* 73.3% 81.6% 51.3* 
A°/A® 256 8.74 209.2* 71.0*  80.6* 51.0* 





*These values were computed from a group of 254 birds (41, 122, and 91 birds 
respectively in the three genotypic classes). 


breeders had been removed. The only criteria of selection were that the birds 
be heterozygous at this locus and the dams laying at a reasonable rate just 
prior to the hatching season. This pen cannot be considered to be different 
from any of the regular breeding pens. The deviation of this ratio from the 
expected ratio was probably due to chance. 

It was noted (table 7A) that matings in which the dam was homozygous 
and the sire heterozygous produced slightly more homozygous than heterozy- 
gous offspring (143 to 128), but the difference was not significant. 

Direct comparison of reproductive values between the nine parental mating 
types was made (table 8). There is no obvious superiority of any mating type 
in both years studied. Table 9 presents the mean reproductive values of the 
mating types combined on the basis of the expected frequency of heterozygotes 








$°L97 S°<Iy 0°0ST parisadxq 


















CLZ €0v LSst pearssqoO [B30 
0°€ZZ O°vSE O’re!l parsedxy SaTewoajy puv 
S€Z €€e ovt pearesqo sayew [S6I 
O*S¥r 0°v9 0°61 persedxq Saye} pue 
Iy OL ét peasesqo saTew OS6I 
6V/6V 6V/.V W/W 
Nn sadAjouay 
fx) 
= PeuIquos satires jo saddy *g 
% eubtsih 
ss $°€9:S°€9 $°96 : $°96 $*LOT: O°SIZ:S*L01 6E + 6€ G*E 2 S°E parsedxq 
{x €Z:¥9 66: ¥6 €1l:90Z7: IIT ve: vy $:Z Ppeasosqo 
: [B20 
= 
Q 6T:9V SE me oe € salewa; 
Zz pue sayew 
< uad [ersads 
: LY 6} 68:29 8:91:99 $7: 6€ vee € sayewa; 
5 IS6I 
a 8:¢ $:¢ S:¢il T:Z T:T ¢€ soTew 
. OSél 
8:01 Ol: 22 $1136 8:¢ vil 1 soyewa; 
fy OSs6l 
o4 
a 6V/ BV : 6V/ iV 6V/ oV : V/V 6V/6V: 6V/.V : iV/ iV 6V/.V: W/V 6V/.V: W/V syiuow ur 





Auagoid jo sadAsouay warm ey 


6V/ iV 6V/ BV 6V/.V iv/ iV 6V/.V weg 
6V/6V 6V/.V 6V/.iV sV/ iV W/V arts 


sorrwey yo sadAj Aq pavueze sraquinu paasasqo *y 


dnoiy 





*SND0] Y 2q] Iv Sajajjy 40f/ Butjp3asZas Saijimpy{ ul soijps upIJapuay 





42 


4a TdV1L 








ADAPTIVE VALUE OF BLOOD GROUPS 43 

















TABLE 8 
Reproductive fitness of mating types. 

re Sued Mean values eee 
Genotypes No. o - 1 oa Percent 

oS matings* Eggs Eggs Chicks ph coe S fertility hatchability 

ollspring Sire Dam set fertile hatched 3 months 

1950 A’/A” A’/A” 2 (1) 11.00 11.00 8.00 4.50 100.0 72.7 
A'/A N/R 5 20.40 18.00 14.00 4.60 88.2 78.8 
As A/S 18.80 18.60 12.80 7.20 98.9 68.8 
Av/B® AT/K 1714) 16.53 16.29 13.41 5.94 98.6 82.3 
A’/AY A /K 13 21.00 20.85 16.92 7.77 99.3 81.2 
A/R A/ 4 19.75 16.75 12.50 4.25 84.8 74.6 
A'/ R/R 18 21.67 21.06 16.39 7.78 97.2 77.8 
A/R A/R 14 20.28 19.14 14.64 5.71 94.4 76.5 
L/P R/T 19.43 18.57 13.86 4.14 95.6 74.6 
1951 A’/A® AY/A” 15(14) 19.73 17.67 12.00 —_5.00 89.5 67.9 

A’/A AT/A57(55) 20.24 18.56 13.35 = 6.18 91.7 71.9 
AP/Ae AT/AT 2 19.00 19.00 12.50 3.50 100.0 65.8 
A's A/A  29(28) 20.69 19.38 13.93 7.03 93.7 71.9 
A/A AT/A  22(21) 21.09 19.64 12.77 5.50 93.1 65.0 
As A/ B 22.62 22.50 16.75 6.88 99.4 74.4 





*Number of dams laying are shown in parentheses. Mean values for reproductive fitness 
were computed on basis of number of matings. 
among offspring. In the 1950 generation the expected proportion of heterozy- 
gotes was positively correlated with the mean reproductive values at all stages. 
This situation was reversed in 1951, the correlation being negative. 

Since the number of eggs laid is a property of the hen the mean values for 
each of the three genotypes of dams irrespective of sires are given in table 10. 
The order of superiority for both years is the same, the descending order being 
A®/A®, A'/A®, and A‘/A’. 

One way of investigating differences in reproductive fitness which can be 
applied to all groups of birds tested without knowing the parental genotypes 
is to assign to each individual a value equal to the number of full sisters in 
that individual’s family (table 6). For convenience, the number of full sisters 
alive at banding time (approximately four to five months of age) was used. 


TABLE 9 


Reproductive fitness of mating types combined on the basis of the expected 
frequency of heterozygotes among offspring. 





—— Expected fre- Number of Mean values 
hensty of quency of matings 
heterozygotes (dams Eggs Eges 





Percent Percent 


Chicks Females ferciticy hatchability 





offspring among offspring laying) set fertile hatched 3 ead 
1950 1 17 20.70 19.88 15.88 6.94 96.04 79.88 
. 56 20.55 19.77 15.39 6.78 96.20 77.84 
0 8 19.75 19.00 14.12 4.75 96.20 74.32 
1951 1 2 19.00 19.00 12.50 3.50 100.00 65.79 
5 118 21.30 19.64 13.78 6.37 92.21 70.16 
0 8 22.62 22.50 16.75 6.88 99.47 74.44 
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TABLE 10 
Number of eggs laid by dams classified by genotype. 
Number of dams Mean number eggs laid per dam 
. Genotype 
Generation of de - - 
Total Laying Total Laying 
1950 A’/A’ 11 10 17.73 19.50 
A’/A® 36 33 18.53 20.21 
A®/A® 38 38 21.03 21.03 
1951 A’/A’ 17 16 19.65 20.88 
A’/A° 79 76 20.48 21.29 
A°®/A® 37 36 21.11 21.69 





Consistent superiority of the heterozygotes over the A® homozygotes is evi- 
dent, the only exception being the 1951 generation (in agreement with the data 
in table 9). This seems to indicate that those parents whose genotypes are such 
as to produce some or all heterozygous offspring tend to produce larger fami- 
lies. The values of the A? homozygous class vary relative to the heterozygous 
class presumably because of the small numbers involved in this class. 

It appears that the changes in gene frequency over the generations con- 
sidered here are due primarily to artificial selection favoring the heterozygote. 
Minor changes were produced by chance fluctuations in reproductive fitness. 

The 1948 group of selected dams in the production-bred flock shows a high 
frequency (.80) of the A® allele in contrast to the more nearly equal allelic 
frequencies in later generations (table 5). Since the evidence obtained from the 
inbred lines and the production-bred flock shows that under natural selection 
there was no differential selective advantage at this locus, the means of inbred 
lines (unweighted for the number of individuals in the lines) should furnish 
a valid estimate of gene frequencies in the population from which these lines 
originated. In the eight inbred lines originating from the production-bred flock 
in 1944 (table 1) the unweighted mean frequency of A® was .49 in the 1949 
female generation and .50 in the 1950 total population. This suggests that the 
decrease in the 4® allele as a result of the favoring of the heterozygote by arti- 
ficial selection noted in the recent generations represents a return towards the 
equilibrium frequency normally maintained under artificial selection. 


QUANTITATIVE STUDIES OF THE B Locus 


The data on the B locus in the production-bred flock are limited to those 
birds tested in June 1950. Hence only the 1948 and 1949 breeders, a sample 
of the 1949 females rejected for breeding, and a sample of the 1950 male 
generation were available for study. Individuals could be placed in one of three 
phenotypic classes on the basis of their reactions to the reagents B2 and B6. 
These phenotypes, their genotypic composition, and their frequencies in the 
various groups tested are shown in table 11. 

Unfortunately, as in the tests of the inbred lines, some of the B reagents 
used on certain days were found to be reduced in titer; however, all tests on 
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TABLE 11 
Phenotypic frequencies for the B locus in the production-bred flock. 








Year of hatch 

Phenotype 
(reagents cells Genotypic composition 1948 females 1949 females 1950 males 
are reactive to) 








Selected Selected Total Total 








B6 B°/B®, B°/b -18 aa 237 -41 
B2 and BG B* /B**, B7*/B*, B**/b 71 -78 -53 49 
Neither b/b ell ll -10 -10 
Number 56 37 467 59 





the 1948 and 1949 selected populations were reliable. Errors in tests performed 
with the weak reagents may be of two kinds, namely, some valid reactions may 
have been overlooked, and negative reactions may occasionally have been 
classified as positive. How seriously these errors affect the significance of the 
frequencies of the unselected population in the production-bred flock cannot be 
determined. Nevertheless it seems advisable to discuss the quantitative aspects 
of this locus, although the interpretations made in this section cannot be con- 
sidered conclusive by themselves. 

Assuming that the reactions were reasonably valid, it is apparent that the 
relative frequency of the phenotypic class made up of the genotypes B7*/B6, 
B*6/B®, and B**/b is much higher in the artificially selected populations than 
in the total populations. This may have been due to: (1) sampling errors, (2) 
superiority of the allele B®, or (3) superiority of the heterozygotes. 

If artificial selection favors genotypes carrying the B® allele, selection pres- 
sures of the magnitude observed here would quickly lead to a high frequency of 
B?8, Gene frequencies can be calculated by solution of the following equations : 

p?+2pr =a 

q? + 2pq + 2qr = b 

r2=¢ 
where p, q, and r are frequencies of B®, B?*, and b respectively (p+ q+r=1) 
and a, b, and c are the known relative proportions in the three phenotypic 
classes (a+ b+c=1). The validity of such calculations depends on the assump- 
tion that there has been no differential elimination of genotypes prior to the 
time of test, an assumption which the prevalence of heterozygosity at this locus 
in the inbred lines argues against. Elimination of the genotypes not carrying 
B*6 will lead to overestimates of the frequency of B?®. The calculated frequen- 
cies of B®, B*®, and b are .370, .314 and .316 for the 1949 estimated total popu- 
lation and .398, .286 and .316 for the sample of the 1950 total population. It is 
obvious that selection has not been acting in such a manner as to replace B® 
and b by B**. 

Selection in favor of the heterozygotes could account for the difference in 
frequency of this favored class in the tdtal population and in the selected 
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group. Heterozygotes constitute the large majority of this class (estimated on 
the basis of calculated gene frequencies to be 81.3 percent in the 1949 genera- 
tion). Only 8 percent of the total population were selected, the low proportion 
selected for breeding from one generation being due to the practice of using 
both hens and pullets. Selection in favor of the heterozygotes would lead to 
population equilibrium and hence explain intermediate gene frequencies and 
stable phenotypic frequencies in the presence of strong selection pressures, 
both of which are characteristics of these data. 

Reliable tests on the 12 sires used to reproduce the 1950 generation were 
obtained. All were found to be of the same phenotype (cells reactive to both 
reagents) as the phenotype favored by selection in the dams. The method fol- 
lowed in selecting sires for breeding consisted first in the saving of three 
cockerels from each dam at six weeks of age. Elimination at this stage was 
practically at random, only obviously unthrifty individuals being selectively 
discarded. Families of cockerels were chosen for mating on the basis of the 
egg production records of their sisters to January 1. An experienced poultry- 
man then picked out on the basis of physical appearance the best individual in 
each family from among the cockerels still alive at this time. These males were 
the ones actually placed in the breeding pens. 

Since the majority of families would be segregating for these alleles some 
of the males in selected families would be expected to be in the other pheno- 
typic classes. The fact that all 12 males selected from these families were of 
the same phenotype suggests that individuals in this class are superior to their 
brothers in general health and vigor. 


INTERACTION BETWEEN THE A AND B LocI 


Studies of the effects of artificial selection at the A and B loci in which the 
two loci were treated separately revealed that at the A locus heterozygotes 
were preferred, while at the B locus the phenotypic class in which the geno- 
types B?/B?*, B°6/B® and B**/b were confounded was preferred. It was also 
noted that in the 1949 generation .159 of the estimated total number of indi- 
viduals falling in both of the above preferred classes.were selected for breeding 
whereas only .079 of the total population were selected. A higher proportion 
selected from this double class is expected. The question is whether this effect 
of selection can be accounted for by the selective advantage of these classes 
independently or whether interaction between the two loci is involved. 

This problem can be approached by comparing the proportions selected at 
one locus obtained from individuals heterozygous at the second locus with 
those obtained from individuals homozygous at the second locus. Considering 
first those individuals heterozygous for the A alleles, if p is the proportion of 
individuals selected from the favored B locus classification and p(1-d,) is 
the proportion of individuals selected from the remaining two classes, then d, 
can be solved for since the numerical proportions can be obtained from the 
data. The value d; represents the difference in selective value between the 
favored B phenotype aud the remaining phenotypes ; the higher the value of d, 
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the greater the selection differential. In like manner, the value ds can be ob- 
tained for the case where the individuals are homozygous at the A locus. 
Comparison of d; with dz gives some idea of the magnitude and direction of 
interaction. The values of d,; and ds for the B locus were found to be .729 and 
.563, respectively. Two conclusions are indicated by these figures: 


1. Selection favors the B class made up of the genotypes B7*/B?*, B?6/Bs 
and B**/b (d, and dy were positive) as was noted previously. 

2. The selective advantage of the favored B class is greater when the A 
locus is heterozygous (d, = .729) than when the A locus is homozygous 
(dy = .563). 


It should be noted that the second conclusion is not invalidated by errors in 
classification since reliable tests were obtained on the selected populations. 

The same procedure can be followed to determine the selective advantage of 
the heterozygote at the A locus against different genetic backgrounds at the 
B locus. The values of d, and de, respectively, against the favored B class and 
against the other two B classes combined were found to be .539 and .255. The 
same conclusions, only with respect to the A locus, are again indicated (neither 
of these conclusions is affected by the possible errors in classification). 

Although standard errors cannot be determined for these values of d due to 
the nature of the data, the magnitude of the differences suggests that the 
selective values at these loci are not independent. 


MULTIPLICITY OF ALLELES AT THE LOCI STUDIED 


Recent tests (not included in the previous discussion, performed by the 
junior author under a project supported in part by the National Institutes of 
Health, Public Health Service) on 140 birds from the 1951 generation of the 
production-bred flock have confirmed the supposition made earlier that the 
term allele as used in this paper refers in reality to a family of alleles. The 
class of alleles referred to as A® was found to consist of two alleles now desig- 
nated A® and A’. The tests also indicated the probable presence of five or 
more alleles at the B locus. These results in no way invalidate conclusions 
drawn from the preceding data but merely emphasize the fact that heterozy- 
gosity and homozygosity as used in this paper are relative terms. 

Ten birds from the R.C.T. line were also tested. Fixation at the A locus 
and segregation at the D locus were verified. Nine birds reacted in identical 
manner to the fifteen B reagents used. The tenth bird reacted differently to 
one reagent indicating a possibility of residual heterozygosity at this locus in 
the R.C.T. line. However, the safer conclusion at present is that this line has 
become fixed at the B locus. 


CONCLUSIONS 


The results of these experiments strongly suggest that balanced polymor- 
phism exists in this flock. The A locus appears to be involved in a balance 
mechanism responsive to artificial selection for egg production, the hetero- 
zygotes being clearly superior. No relationship of this locus with reproductive 
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fitness was discernible either in the twelve inbred lines or in the production- 
bred flock. Unfortunately, the results of studies of the B locus are not as 
clear-cut. The six genotypes were confounded in three phenotypic classes 
making it impossible to disentangle precisely allelic superiority from that due 
to heterozygosity. Furthermore, possible errors in classification throw doubt 
on the significance of some of the data. The almost universal appearance of 
heterozygosity in the inbred lines and the intermediate gene frequencies in the 
production-bred flock lend support to the view that heterozygosity vs. homo- 
zygosity is the important factor. 

Studies of the relationship of A locus genotypes to production characters 
clearly demonstrate that the heterozygotes are not selected because of superi- 
ority in any one character but because of a general above-average value for the 
totality of traits under selection. Hence the observed balance is possibly vested 
not in the antigen locus itself but rather in the segment of chromosome within 
which the antigen locus is located. 

Balance involving the B locus plays a vital role in reproductive fitness. That 
this is true is shown by the fact that 11 of the 12 inbred lines, with inbreeding 
coefficients ranging from .333 to .575, are unfixed for two or more alleles at 
this locus. One could postulate that balance involving the B locus has arisen 
during the course of evolution of the chicken by the action of natural selection 
whereas balance involving the 4 locus is of recent origin arising through the 
action of artificial selection for egg production. Proper balance at both loci in 
the same individual appears to contribute something over and above that con- 
tributed by each locus independently. 

Unlike the A and B loci, the D locus appears to be relatively unimportant 
from the standpoint of balance, one of the two alleles, D', being in very high 
frequency. It is possible, of course, that the D* “ family of alleles” could be 
“ fractionated ” by development of new reagents of different specificity into 
several alleles and that these alleles may be a part of a balanced genetic system. 

It may be thought that finding balance at two out of three loci studied when 
these loci probably represent only a portion of the total loci involved in the 
production of cellular antigens is too fortuitous to be plausible. However, it 
should be remembered that the isoimmunization techniques used in the detec- 
tion of these antigen loci is based on segregation of the alleles at such loci. 
Hence those loci involved in balance mechanisms will be the ones most likely 
to be detected. 

The more surprising is that two balanced segments can be maintained in a 
population as small as this one and in an organism in which the rate of elimi- 
nation of zygotes is so low. This is in contrast to the work of DuBinin (1948) 
on extra wing venation in Drosophila melanogaster and DoszHANsky (1947, 
1950) on fitness in natural populations of D. pseudoobscura where balance was 
found only in one chromosome. On the other hand, inversion types are main- 
tained simultaneously in all five chromosomes of wild European populations 
of D. subobscura (Buzzati-TRAVERSO, personal communication). In the pres- 
ent material the shift in selection pressures upon the advent of artificial selec- 
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tion for egg production may be responsible for maintenance of balance in two 
chromosomes. Hence, natural selection and artificial selection may in part be 
opposing one another each tending to maintain balance in a different chromo- 
some. If it is true, as is indicated in these data, that there is a selective advan- 
tage of the double heterozygote over and above that contributed by each 
heterozygous locus independently, this might be an important force. 

There was no evidence in these data of cyclic selection pressures. Such a 
form of gene-environment interaction would not be expected in the chicken, 
the existence of the necessary inter-year cyclic changes in the environment 
being difficult to imagine. Neither was there any evidence that progressive 
changes in gene frequency were occurring. Rather, the behavior of gene fre- 
quencies leads to the conclusion that an adaptive balanced genetic system 
arising under the action of selection, natural and artificial, is an integral part 
of the hereditary mechanism of the chicken. 


SUMMARY 


Relative adaptive values of blood group genes at three loci in chickens were 
studied utilizing twelve inbred lines and one relatively non-inbred production- 
bred line. The serological methods used in the detection of these loci are selec- 
tive in that they tend to identify genes which are maintained in the hetero- 
zygous state. 

The number of inbred lines which had become homozygous at the A locus 
was as expected on the assumption of chance fixation of alleles. On the other 
hand, at least 11 of the 12 inbred lines were segregating for alleles at the B 
locus suggesting natural selection in favor of the heterozygotes. 

Artificial selection for high egg production in the production-bred line 
favored the heterozygotes at the 4 locus. That phenotypic class at the B locus 
which was composed mainly of heterozygotes was strongly favored, but possi- 
ble errors in classification throw doubt on the significance of this. However, a 
selective advantage of the combination of these heterozygous classes over and 
above that expected on the basis of the contributions of the two classes inde- 
pendently, has been established irrespective of the possibility of the error in 
classification. 

There was no evidence that the D locus was a part of a balance mechanism. 

These results suggest that an adaptive balanced genetic system involving at 
least two chromosomes carrying genes for cellular antigens is present in the 
chicken. 
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ECENT research on Escherichia coli phages has outlined the biology of 

viruses that promptly lyse their bacterial hosts (DeLBRick 1950). In 
addition to the progressive parasitic relationship that these studies have ana- 
lyzed, many phage-bacterium complexes persist in a more enduring symbiosis, 
lysogenicity. The experiments to be described in this paper were designed to 
probe two related questions: how is the virus of a lysogenic bacterium trans- 
mitted in vegetative and sexual reproduction? and how is a symbiotic complex 
established following infection by the virus, as an alternative to the parasitiza- 
tion and lysis of the host bacterium? Complementary problems, especially con- 
cerning the growth and release of virus in lysogenic bacteria have received 
more emphasis from other workers (Bertani 1951; Lworr and GUTMANN 
1950; WEIGLE and DeLBriick 1951). 

Our interest in lysogenicity was provoked by the discovery that EF. coli strain 
K-12 was lysogenic. On two occasions, mixtures of certain mutant stocks 
appeared to be contaminated with bacteriophage. The plaques were unusual 
in showing turbid centers, suggesting those figured by BurRNeET and LusH 
(1936). It soon became apparent that practically all K-12 cultures carried this 
latent phage. The novelty consisted of two exceptional mutant substrains, 
W-435 and W-518 which were sensitive to the phage, now referred to as A. 
These two strains had been maintained in our stocks as nonfermenting mu- 
tants for lactose (Lacs~) and galactose (Gal,—Lac,—), respectively, isolated 
from ultraviolet-treated suspensions. Both cultures are derived from 58-161, 
a methionine-requiring auxotroph previously used in many recombination ex- 
petiments (Tatum 1945; Tatum and LEDERBERG 1947). The lysogenicity of 
strain K-12 had remained unsuspected despite its maintenance for over 25 
years and close study as the subject of mutation and recombination experi- 
ments since 1944. However, the only objective criterion of a lysogenic symbi- 
osis is the lysis of another sensitive strain that functions as an indicator. Thus, 
in the absence of an appropriate conjunction of strains the virus carried by the 
K-12 subline would remain undetected. Because of the low frequency of sensi- 
tive strains, such opportunities are rare. The development of crossing tech- 
niques in strain K-12 has allowed the virus to be studied as a genetic factor. 
Intercrosses among strains differing with respect to A and the development of 
lysogenic from sensitive strains are the main subjects of this report. 


1 Paper No. 490 of the Department of Genetics, University of Wisconsin. The in- 
vestigation was supported in part by a research grant (E72-C3) from the National 
Microbiological Institute of the National Institutes of Health, Public Health Service. 
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TERMINOLOGY 


Although the adoption of a fixed terminology would be premature, for con- 
venience, a few terms will be defined for use in this account. Lysogenicity will 
be understood as the regular and persistent transmission of virus potentiality 
during the multiplication of a bacterium, without overt lysis. When tested 
directly with the phage, a bacterial culture is sensitive (lysed) or resistant 
(not lysed). When tested with a sensitive indicator strain, the bacteria are 
lysogenic (carriers of A) if the indicator is lysed, or nonlysogenic if not. Bac- 
teria that are resistant to A but nonlysogenic are termed immune. The virus as 
transmitted in lysogenic bacteria will be referred to as latent virus. 


MATERIALS AND METHODS 
Preparation of free phage 


Suspensions of A were first obtained from filtrates of 6-8-hour bacterial cul- 
tures developed from mixed inocula of A-sensitive and A-lysogenic strains in 
nutrient broth. Thereafter, further batches were prepared by growing A-sensi- 
tive cells with virus according to the usual methods (ApAms 1950). Lysis in 
broth is indicated by decreased turbidity rather than marked clearing. A con- 
venient method for obtaining high titer A directly from lysogenic bacteria has 
been developed by WEIGLE and DELBRick (1951) from the methods described 
by Lworr et al. (1950). A lysogenic strain grown in a yeast-extract broth is 
subjected to a dose of ultraviolet irradiation which kills only a small fraction 
of a genetically comparable A-free strain. After 40-50 minutes incubation in 
yeast-extract broth the majority of lysogenic cells lyse with a burst of about 
100 phage particles each. Virus titrations were made by established methods 
(ApAms 1950; DecsBricx 1950). All lysates were sterilized by filtration 
through nine- or fourteen-pound test Mandler candles. 

Some pertinent physical and morphological characteristics of A have been 
described by other investigators (WEIGLE and DeLsriick 1951). 


Media 


The media recommended for observing phage-bacterium interactions are less 
useful with the A system because of the presence of bacterial survivors (which 
prove to be either resistant or sensitive) in the plaques. The lysed areas are, 
however, accentuated by their discoloration on an eosin—methylene blue agar 
medium without the fermentable sugar customariiy added (EMB base, LepER- 
BERG 1950). Plaques from free A suspensions were counted on TSA (tryptone 
saline agar, WEIGLE and DecsBriick 1951). It was sometimes supplemented 
with ten percent citrated bovine blood to test the release of hemolysins during 
bacterial lysis by phage (ScuiFF and Bornste1n 1940). A positive reaction 
is the clearing of the blood at the zone where sensitive bacteria are exposed 
to A or to lysogenic bacteria. It must be cautioned, however, that occasional 
cultures are normally hemolytic, perhaps owing to a high rate of spontane- 
ous lysis. 
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Scoring for sensitivity and lysogenicity 


Susceptibility to A is tested by streaking a phage suspension across a dry 
EMB agar plate with a broad loop. A small loopful of the cells to be tested is 
then streaked at right angles to the phage. To test for lysogenicity, the bacteria 
are similarly streaked against a sensitive indicator. As a precautionary meas- 
ure, the tested cells are also deposited at a control spot. As shown in figure 1, 
positive tests consist of the interruption in the continuity of growth of the indi- 
cator, or plaques and discoloration at the conjunction of phage with sensitive 
bacteria. The technique of replica plating (LEDERBERG and LEDERBERG 1952) 
facilitates large-scale tests of lysogenicity. Instead of individual tests on bac- 
terial colonies from a plate, these are transferred en masse by means of velvet- 
een fabric to a TSA plate previously layered with 10 ml of TSA seeded with 
about 10° indicator cells. On the replica, each lysogenic colony is surrounded 
by a zone of lysis. 





Ficure 1.—Reactions of sensitive, lysogenic and immune. Extreme left: control spots. 
Left center: cross-streaks against sensitive indicator bacteria. Right: cross-streaks against 
x. From top to bottom Lp,‘, Lp.*, and Lp," respectively. 


Crosses 


Crosses are carried out by plating washed cultures differing in nutritional 
characters on minimal agar (TATUM and LEDERBERG 1947; LEDERBERG et al. 
1951) or with added streptomycin where streptomycin sensitive (S*) proto- 
trophs are crossed with resistant (S”") diauxotrophs (LEDERBERG 195la). The 
resulting progeny are picked and purified by streaking on a complete medium, 
and from this, single colonies are isolated for further characterization of segre- 
gating markers, including lysogenicity. 


Selection of lysogenic and nonlysogenic cultures 


Lysogenic bacteria may be routinely isolated from turbid plaques on sensi- 
tive bacteria plated with A or from the residual growth after mixed inoculation 
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of sensitive bacteria and phage in broth on agar. Successive single colony puri- 
fications result in stably lysogenic isolates free of extraneous A and sensitive 
bacteria. By isolating one lysogenic derivative from a series of single plaques, 
it was demonstrated that the transfer of A from well-marked lysogenic to 
previously sensitive stocks occurs without any alteration of the known genetic 
markers of the new host other than its reaction to A. 

The isolation of nonlysogenic (immune or sensitive) types from lysogenic 
bacteria is less predictable but they have been obtained by the following pro- 
cedure. EMB or blood agar plates were spread with 10° cells and exposed to 
ultraviolet light so that about 100 to 200 colonies survived. New types have 
been sporadically detected either by testing large numbers of normal-appearing 
colonies or by the partially lysed appearance of phage-contaminated sensitive 
colonies. These consist of lysogenic and sensitive sectors, and free A. Immune 
mutants have arisen from sensitive bacteria after selection with phage. The 
various occurrences of nonlysogenic derivatives are listed in table 1. 


RESULTS 
Intercrosses of various phenotypes 


Crosses among the sensitive, lysogenic, and immune strains are all fully 
fertile. They have been repeated many times with the following qualitative 
results, based on 200 or more tests for each cross. 


1. Lysogenic x lysogenic: all progeny lysogenic. 

2. Sensitive x sensitive: all progeny sensitive. 

3. Sensitive x lysogenic: the progeny segregate into sensitive and lysogenic, 

with ratios depending on the nutritional markers of the parents. 

The total number of tests of crosses 1 and 2 is actually much larger, for 
exceptional progeny would have been apparent upon inspection of similar 
crosses conducted for other purposes. 

Since only the parental types are found in cross 3, it might be inferred that 
lysogenic differs from sensitive only by one factor, the presence of the A. How- 
ever, the consideration of A as a cytoplasmic factor leads to a possible paradox : 
when A is contributed by just one parent, it segregates among the progeny, 
but it always appears when contributed by both parents. It should be empha- 
sized that the same segregation ratios for other markers have been obtained 
regardless of the presence or absence of A in the parents. No evidence has been 
found to date for the functioning of A as a gamete or other sexual form (cf. 
Hayes 1952; LEDERBERG, CAVALLI and LEDERBERG 1952). 

Further crosses involving two immune parents gave the following results: 


Immune-1 x sensitive: parental only. 
Immune-2 x sensitive: parental only. 
Immune-1 x lysogenic: parental only. 
Immune-2 x lysogenic: parental and sensitive. 
Immune-1 x immune-2: parental and sensitive. 


SONA ww > 
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TABLE 1 


Principal stocks used in lysogenicity studies. 





Strain Source 


aaiae Gita History Genotype? 





Sensitive (Lp,*) 


W-435 58-161 UV (ultraviolet) M~Lac,~ 

W-518 Y-87 UV M~Lac,~Gal ~ 
W-1267 W-518 x W-588, f-1 segregant T~L~Lac,~Gal,~ 
W-1485 K-12 UV; blood agar wild type sensitive 
W-1486 W-811 plating with streptomycin M~Lac,~Gal,-S* 
W-1487 W-1405 plating with streptomycin T~L~Lac,~Gal -S* 
W-1502 W-1245 spontaneous variation M~ 

W-1503 W-1296 spontaneous variation i 

W-1655 58-161 UV M~ 

W-1872 K-12 UV wild type sensitive 


Immune-1 and -2 (Lp and Lp,") 


W-1027  Y-70 UV T-L~ Lac,~Lp,* Lp,* 
W-1924 W-518 selection with A M~Lac,~Gal,-Lp,* Lp,* 
W-1248 W-518 selection with A M~Lac,~Gal ~Lp,* Lp," 
W-1603 W-1177 UV T-L™~ ete., Lp,” Le,” 
W-1245 W-478 UV M~; unstable immune 
W-1296 W-588 UV T-L™~; unstable immune 


Lysogenic (Lp,*: Lp.” or Lp,*) 
i 2 P, 


58-161 standard parent M~ Lp,* 

W-1177 multiple marker parent T-L~ Lac,~Mal,~Xyl-Gal,-S‘Lp* 
W-811  W-518 infection with A M~ Lac,~Gal,~ Lp,° 

W-1439 W-811 selection with A-2 M~ Lac,~Gal~ Lp,* 





1The significance of the genotypic symbols, and further details of ancestry of 
many stocks are given in LEDERBERG et al. (1951) and LEDERBERG (1952). 


The appearance of a sensitive recombination class in cross 8 implicates two 
loci in resistance to A. Sensitive can be described as Lp,* Lpo*, immune-1 as 
Lpi" Lpo* and immune-2 as Lp;* Lo". From the result of cross 6, in contrast 
to cross 7, lysogenicity is also determined at the Lp, (latent phage) locus. 
Evidence for two kinds of lysogenic, Lps* (those so far discussed) and Le’, 
respectively, will be presented in another section. 

Occasional sensitive progeny would have been anticipated in cross 6 on the 
hypothesis that lysogenic is genotypically equivalent to sensitive, and differs 
only by the nresence of cytoplasmic A, but were not found. The independent 
segregation of A (cross 3) and of the genetic factor Lp; (cross 4) would have 
resulted in some A-free recombinants sensitive to the virus. The results of 
all these crosses hinted at a primarily ‘‘ chromosomal ” determination of lyso- 
genicity. 
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Linkage behavior of lysogenicity 

The concept of an Lp, locus was strengthened by the outcome of linkage 
tests in which various markers were segregating..A loose linkage of Lp, to 
Xyl and to S was indicated in preliminary crosses with a multiple marker 
stock. However, Lfs was also segregating, thus doubling the number of geno- 
typic classes, and perhaps confusing the issue. The closest linkage of Lp, thus 
far found has been to Gals, as shown in table 2. As it happens, this is the dis- 
tinctive marker of W-518, in which A-sensitivity was first noticed. 

The linkage of Lp; with Gal, has been verified by crosses with various com- 
binations of lysogenic stocks resynthesized from sensitive auxotrophs. Some of 
the latter were newly developed from W-1485, a A-sensitive directly derived 
from strain K-12. There can be little doubt, therefore, that the segregating 











TABLE 2 
Linked segregation of Gal, and Lp, among prototrophic recombinants. 
Parents Prototroph recombinants: M*T*tLt... 
A M-Tt*L* x M*T-L~ Gal*Lp* Gal*Lp* Gal-Lp* Gal~Lp* 
1 Gal*Lp*® x Gal-Lp* 1 83 90 2 
2 Gal*Lp* x Gal~Lp* 33 1 3 41 
3 Gal~Lp* x Gal*Lp* 55 0 5 53 
4 Gal-Lp+ x Gal*Lp* 1 42 44 1 
B M~H*L,* x M*tH-L>- 
1 Gal-Lp+ x GaltLp® 0 34 40 1 
C M"M,*G* x M*M,~G~ 
1 Gal~Lp,*+ x GaltLp* 0 40 39 1 
2 Gal~Lp*® x Gal*Lp* 64 2 1 67 





The crosses were conducted on EMS galactose medium, from which approximately 
equal numbers of Galt and Gal™ prototrophs were picked for further test. Similar 
results were obtained when the proportion of Ga/* and Gal~ was not thus fixed, as 
on non-indicator glucose minimal agar, but the preponderance of one parental type 
among the prototrophs limited the usefulness of unselected isolates for linkage 
tests. The H*tL,~ and M,~G™ parents indicated in B and C are histidine-leucine 
and methionine-glycine auxotrophs, respectively, recently derived from W-1485. 
All parents in these crosses were is.’ but V,, Lac,, and S were segregating in 
their usual patterns. 


factor is directly associated with lysogenicity. The linked segregations justify 
the assignment of a new allele, Lp,*+, characteristic of lysogenicity. The result 


indicated for cross 6 points to this as a third allele at the same locus as the con- 
trasting Lp," (immune-1) and L/,* (sensitive). 


Segregation of X from diploids 


Heterozygotes selected as Lact+/Lac~ or Gal*+/Gal- were obtained and 
shown to be segregating for a number of other factors (LEDERBERG 1949), 
but these selections were either A-sensitive or A-lysogenic. Similar results were 
obtained in immune, Het crosses. It was thought, however, that the A-determi- 
nant might be hemizygous in these diploids, like the Mal and S factors previ- 
ously studied (LEDERBERG et al. 1951). This difficulty has been circumvented 
by the use of diploid x haploid crosses, in which the segmental elimination 


ie. 
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(of Mal and S) apparently does not occur. A lysogenic diploid parent 
(T-L~- Gal*+ Lac+ Mal*+/Lac~ Mal) was crossed with a sensitive, haploid 
auxotroph (M~- Gal,~ Lac~ Mal*) on minimal agar. The resulting proto- 
trophs were almost all diploid, and several were identified as lysogenic, but 
segregating Gal+/Gal~ as well as other factors. As shown in table 3, presence 
vs. absence of A segregated in the same coupling as shown by the parents: 
Gal* lysogenic/Gal~ nonlysogenic. Unfortunately, this diploid is also segre- 
gating Ls, so that the nonlysogenic segregants include immune-2 as well as 
A-sensitive. 

The linkage and segregation evidence shows that a chromosomal factor is 
altered when a cell becomes lysogenic. In addition, a cytoplasmic factor (A 
itself) may be postulated, but genetic evidence for it is entirely inconclusive. 
Two possible interpretations may be considered: 1) The virus or provirus 
occupies a definite niche on the chromosome, near Gals. Lysogenicity results 
from the cellular or even chromosomal fixation of the latent virus. 2) The 
chromosomal factor is a gene, Lp,*°, which mutates spontaneously to an allele 
Lp,* that potentiates a symbiotic relationship of A in the bacterial cytoplasm. 


TABLE 3 
Segregation of Gal, and Lp, from heterozygous diploids. 





Gal*Lp* Gal*Lp* ~ Gal~Lp* Gal~Lp* 
H-295 36 1 1 39 (19 Lp,*) 
H-297 29 0 0 11 (3 Lp,”) 





Segregant (pure) Galt and Gal~ colonies were picked from EMB galactose agar 
at random, and tested for susceptibility to and A-2, and for lysogenicity. The 
phenotypically A-sensitive (Lp,”) moiety of the Lp,° segregants is shown in paren- 
theses. Almost all of the Lp,* were Lp,". 


On this hypothesis, the role of A in the induction of lysogenicity is confined to 
the selection of the pre-adaptive mutation, Lp,*+. A similar dilemma in the 
determination of the killer trait in Paramecium aurelia has been resolved in 
terms similar to the second interpretation (SONNEBORN 1950), although the 
first was originally favored (SoNNEBORN 1945). Its substantiation for lyso- 
genicity would require the recognition of the possible genotypes: L/p;* no-A 
(presumably the sensitives) ; L/,* infected with A (presumably lethal) ; Lp,* 
with lambda (the lysogenic) ; and a new combination, Lp,*+ no-A. This last 
type, genetically pre-conditioned for lysogenicity, would presumably be recog- 
nized as an apparently immune form that would promptly absorb A to become 
lysogenic. It has not yet been identified among immune stocks of K-12, or 
immune progeny collected from a variety of strain intercrosses. 


Mechanism of infection 


When A-sensitive bacteria are plated with A, survival ratios in the range of 
ten to fifty percent are usually encountered. Many of the survivors are appar- 
ently lysogenic. The hypothesis of spontaneous variation at the L/; locus 
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would be untenable if, as these facts appear to show prima facie, several per- 
cent of sensitive bacteria became lysogenic under the direct influence of the 
virus. Only preliminary experiments have been done on this aspect of the 
problem, with results that are not yet conelusive. A striking feature of platings 
of diluted bacteria-virus mixtures of varying relative multiplicity has been 
the development of contaminated colonies, similar to those figured by Boyp 
(1951). These colonies displayed a very characteristic appearance on EMB 
agar. They were often delayed in their development, lagging a few hours 
behind their neighbors, and later show either a central “ necrosis ” or plaquing, 
or often single or multiple pericentric plaques. When the contaminated colonies 
were restreaked, they typically gave rise to a mixture of contaminated, sensi- 
tive and lysogenic colonies. 

Many of the latter are only apparently lysogenic, for they include sensitive 
bacteria as shown by serial restreaking of single colonies. It is not unlikely 
(though not yet proven) that contaminated colonies may arise from single 
infected cells. If this is the case, the determination of lysis versus lysogenicity 
is effected during the development of a contaminated clone, and there would 
be greater opportunity for genetic variation and natural selection. On the other 
hand, if a fair proportion of infected cells are actually converted directly into 
lysogenics, it would be concluded that A itself induces or fixes the mutation 
from Lp,* to Lp,*. 


Virus and host mutations 


Following irradiation of a type lysogenic, a self-lysed colony was noted from 
which a distinctive virus was isolated. This virus, A-2, differs from A in its 
ability to destroy Lp,*+ bacteria. Attempts to develop a symbiosis of A-2 with 
each of a variety of bacterial stocks have been unsuccessful. Its relationship 
to A as a “ host range mutant” is supported by the concurrent development 
of resistance to A with mutations from sensitivity to resistance to A-2. Several 
recurrences of A-2 have been detected in lysed colonies after ultraviolet irradi- 
ation, and in A stocks grown on sensitive cells. It has not, however, been ob- 
served in routine bacterial cultures, although it would presumably have been 
conspicuous. This is in contrast to the rapid accumulation of comparable virus 
mutants in cultures of the lysogenic staphylococci studied by BurNeT and 
Lusu (1936). 

Immune bacterial mutants have been observed among survivors of both 
irradiated lysogenic cultures and sensitive cultures exposed to the viruses. 
Immune-1 has occurred very infrequently, and is resistant to (and nonlyso- 
genic for) A, but sensitive to A-2. Immune-2 is resistant to both phages, showing 
neither lysis nor the development of lysogenicity. As already mentioned, differ- 
ent loci, Lp; and Lps, appear to be involved. Although immune-2, L/,* Lp’, 
does not respond to free 4, selection for resistance to A-2 in a lysogenic stock 
gives the genotype Lp,+ Lp.” which remains lysogenic for A. Crosses of such 
lysogenics with sensitive (Lp, + L po’ x Lp,* Lpo*) gave all four of the expected 
types: immune-2 (Lp;* Lps") and type lysogenic (Lp,+ Lps*), in addition to 
the parents. Current stocks of K-12 are mixed populations with respect to Lps. 
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It is not surprising, therefore, that several mutant derivatives, notably W-1177 
extensively used in crossing experiments, are already Lp2". Two A-immune 
selections have been found, both sensitive to A-2, which were unstable and fre- 
quently engendered A-sensitive colonies. Tests for allelism with Lp," were 
inconclusive owing to this instability. 

Other mutants of the virus have been sought, but only plaque variants not 
readily scored were observed. Resistance to A and A-2 is concomitant with 
resistance to p-14, a phage isolated from sewage. Morphologically, the plaques 
of p-14 are intermediate between those of A and A-2, with turbid centers associ- 
ated with a spurious or unstable lysogenicity which persisted in slow-growing 
isolates at 30° and was rapidly lost at 37°. Despite its initial promise as a selec- 
tive agent for other bacterial mutations related to A, p-14 did not elicit any 
otherwise unrecognized types. 

A “ weakly lysogenic ” bacterium was recovered after ultraviolet irradiation 
of a typical lysogenic form. When inoculated with the indicator strain, the 
variant induced very few plaques, so that it was not readily distinguished from 
immune nonlysogenic forms. When the virus was transferred from the weakly 
lysogenic form to sensitives normal lysogenicity ensued. This suggests that 
reduced lysogenicity was a property of the host rather than of the phage. It 
was conceivable, however, that the plaques of free virus represent reverse- 
mutants from a virus population that otherwise remains entirely latent within 
the infected variant bacterium. To eliminate this possibility, sensitive recom- 
binants from crosses of the weak lysogenic with sensitive were infected indi- 
vidually with type A. Both types of lysogenicity were expected on the hypothe- 
sis of bacterial mutation, and this was actually observed. A modifier locus is 
thus revealed, but its relationships with other factors have not been explored. 

Another intermediate reaction type was isolated from plates spread with 10° 
bacteria and A-2. Most of the survivors were fully resistant to both A and d-2, 
but some exhibited a partial resistance to A and A-2, which was reflected in 
overgrowth of cross-streaks and reduced efficiency of plating and plaque size 
for both viruses, similar to the expression of V,” (partial resistance to Ty, 
LEDERBERG 1951b; WAHL and BLUM-EMERIQUE 1952). A-lysogenic deriva- 
tives were prepared which were still semi-resistant to A-2. The mutation thus 
involved either a third allele, Lo’, at the Lpe locus or mutation at another 
locus. 

In view of speculation concerning the dispersion of lytic phages into genetic 
subunits during intracellular growth, the possibility that fragments of A might 
persist in apparently nonlysogenic cells was considered. The reconstitution of 
lytically active A from components carried in different nonlysogenic recombin- 
ants or variants would be relevant evidence. However, such a recurrence of 


phage from appropriate mixtures and crosses has hitherto not been demon- 
strated. 


Disinfection 


Two lysogenic streptomycin-sensitive (S*) cultures plated on streptomycin 
agar have been observed to yield large numbers of resistant (S") mutant colo- 
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nies which showed the characteristically mottled margins of phage attack. 
These colonies gave rise to S” A-sensitive isolates. Reconstruction experiments 
with these mutants or their re-infected derivatives failed to establish any foun- 
dation for either a selective advantage or a specific inductive effect of strepto- 
mycin to explain the accumulation of A-sensitive. By indirect selection (LEDER- 
BERG and LEDERBERG 1952), it was possible to extract the S” components, and 
show their A-sensitive character without exposing them to streptomycin. The 
A-sensitive and S’ characters were not distinguishable from mutations previ- 
ously isolated in single steps. No explanation for this remarkable association 
can be offered. 

Systematic attempts were made to remove A from lysogenic bacteria by a 
number of other methods. As none were successful, details will be omitted. 
The treatments that were tried included cultivation at limiting temperatures 
and pH ranges (as originally suggested by D’HERELLE 1926), and exposure to 
antibiotics and antiviral chemicals, including streptomycin, aureomycin, chloro- 
mycetin, Phosphine GNR, 2-nitro-5-aminoacridine, citrate ion, cobaltous ion, 
and desoxypyridoxine. A serious limitation to this type of investigation is the 
inadequacy of earlier methods of detecting disinfected variants, if they occur 
infrequently. Replica plating should help to surmount this problem, but was 
not available at the time of these experiments. 

Almost all of our original A-sensitive stocks in strain K-12 have been noticed 
following exposure to treatment with ultraviolet light. Inasmuch as this agent, 
under certain conditions, preferentially kills lysogenic cells by inducing lysis 
(WEIGLE and Desriick 1951), it cannot be concluded whether a selective or 
inductive (disinfective) action is involved. 


Lysogenicity and other E. coli strains 


The A reaction of about 2000 strains under investigation for intercrossability 
has been routinely tested. No recurrence of A itself has been identified, but five 
new strains are sensitive to A and A-2. One apparently unstable immune strain 
gave rise to sensitive subtypes, which, however, could not be made lysogenic 
on K-12 line indicators for either virus. All of the new sensitive lines, includ- 
ing NTCC 123 (Cavatti and Hestot 1949) are fertile with K-12, suggesting 
a Statistical correlation of A receptors with compatibility. Most of the 50 or so 
interfertile strains that have been screened are, however, immune to A. 

Although a large proportion of the strains tested produced an antibiotic or 
colicin (FREDERICQ 1948) active on K-12, less than one percent were lyso- 
genic. The lysogenic cultures (which include, for example, the Waksman 
strain used in biochemical genetic studies, Davis 1950) carry what appear to 
be quite distinctive phages, judging from plaque type and resistance patterns. 
Two of the new latent phages have been successfully transferred to the K-12 
line. Triply lysogenic K-12 strains were maintained without any overt effects 
on the A system or other characters of the bacteria. The genetic determination 
of lysogenicity for other phages may differ from that of A, however, in so far 
as clear-cut segregation for them was not observed in crosses or from diploids 
also segregating A. 
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DISCUSSION 


This work was initiated in the expectation that A would behave as an extra- 
nuclear factor, and might indeed provide a favorable model system for studies 
of cytoplasmic heredity. Phenotypic changes associated with the transfer of A 
have, so far as known, been confined to the direct consequences of virus infec- 
tion. For example, lysogenic bacteria are more susceptible to ultraviolet light, 
owing to the “induction” of the latent phage and lysis of the bacterium 
(WEIGLE and Decsrick 1951). In other systems, latent viruses have been 
shown to determine the pattern of susceptibility to other viruses, the “ lyso- 
type” (NicoLLE and HAmon 1951; WiILtIAMs-SMmITH 1948; ANDERSON 
1951), by a mutual exclusion effect. With one dubious exception, no phages 
that would differentiate A-sensitive from A-lysogenic were found in tests of 
some thousands of coliphage plaques from sewage. In principle, however, a 
virus-symbiosis might be detected in terms of the intercellular transfer of a 
genetically active agent not readily recognizable as a lytic phage (LOMINSKI 
1938). 

This view of A may have to be qualified in view of the genetic tests discussed 
in this paper. No genetic evidence of A as a cytoplasmic agent was found. In 
the most critical tests, segregation from heterozygote diploids, lysogenicity 
behaved precisely as if it were controlled by a nuclear factor, linked to other 
segregating factors. This result provides strong support for the “ provirus ” 
concept of the symbiosis. The segregation of uninfected, virus-sensitive hap- 
loids from a lysogenic diploid is not readily compatible with the presence of 
free, mature virus in the latter. It is not, however, conclusive against a cyto- 
plasmic provirus. The segregation of lysogenicity/sensitivity may reflect the 
overriding control by a segregating nuclear factor which is concerned with the 
maintenance of the pro-A. The mutational origin of this segregating factor is, 
however, still in question. 

It should not be assumed that these results can be. generalized to other lyso- 
genic symbioses. In Salmonella typhimurium, Boyp (1951) has shown that the 
multiplicity of infection is an important element in the determination of lyso- 
genicity. This would leave little room for bacterial variability, but a closer 
analysis of the incidents immediately related to the development of lysogenic 
cells might reveal a situation more comparable to that in E. coli. In preliminary 
studies of the transmission of other viruses, transferred to K-12 from other 
lysogenic strains, diploids lysogenic for two phages showed segregation for A 
but not for the second phage. The apparent difference with respect to nuclear 
determination may be a consequence of the antiquity of the association of K-12 
with A in contrast to the newly introduced phages. 

It may be noteworthy that A has not recurred in extensive samplings of other 
E. coli strains and of sewage. The occurrence of A-sensitive isolates has already 
been mentioned. It is rather striking that all five of these isolates should be 
cross-fertile, compared to the four to five percent of the whole population. 
Whether this speaks for a close genetic relationship or for the closer attention 
given these lines cannot be said. It should be emphasized that all of the evi- 
dence argues against any functional relationship between lysogenicity and 


‘ 
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sexual fertility. The most decisive point, perhaps, is that nonlysogenic crosses 
are as fertile as crosses involving one or both lysogenic parents, both within 
strain K-12, and as between strains. 

The biological significance of the lysogenic symbiosis is attested to not only 
by the behavior of individual examples, but by its prevalence in many groups 
of bacteria. BURNET (1945) and others have emphasized the biological advan- 
tages to the parasite as well as the host of symbiotic adaptation. In addition, 
the virus genotype represents an additional reservoir of genetic material sub- 
ject to adaptive variation. This adaptation will often lead to an amelioration 
of the pathogenic effects of the virus. One can imagine a situation in which a 
virus remains trapped within a host that it never lyses. A bacterial mutation 
for weak lysogenicity illustrates this trend, and it has perhaps been realized in 
Lominski's (1938) experiments. The extreme case would however restrict 
the migration of the virus to other genotypes, as well as our ability to recog- 
nize it as a virus. It is conceivable that the immune-1 (L/,") mutation repre- 
sents such a bound virus, although free A has not recurred even in its crosses 
to A-sensitive. 

The most prominent mutation of A has, according to this picture, only short- 
term evolutionary advantages. The virulent mutant, A-2 will rapidly destroy 
lysogenic bacteria, and thus displace A from viral populations. The exhaustion 
of sensitive hosts will, however, limit its long-term survival. The early litera- 
ture on bacteriophage contains many references to the so-called spontaneous 
generation of bacteriophage in bacterial cultures. While some of these reports 
are possibly founded on technical faults, probably most of them represent in- 
stances of the mutation of virus in lysogenic bacteria not recognized as such. 
If it were not for the availability of an indicator strain for A, the occurrence 
of lysis due to A-2 in platings of ultraviolet irradiated K-12 would have passed 
either for a contamination or such “ spontaneous generation.” 

For technical reasons, the phages of the T series acting on E. coli B have 
received considerable attention. These phages have been used for such work 
precisely because they are atypical in their prompt destruction of sensitive bac- 
teria, high efficiency of plating, the limited number of secondary resistants, and 
clear plaques. A plating of sewage with indicator bacteria shows at a glance 
that phages of this kind are relatively infrequent. Although the analysis of 
phage-bacterium relationships on a logically sound, particulate basis has 
demanded systems with these technical properties, it would be a fallacy to 
generalize too hastily on virus biology from the study of a restricted set of 
materials. 


SUMMARY 


Escherichia coli st:ain K-12 carries a symbiotic phage, A. This phage was 
discovered only by the occurrence of ‘‘ mutant” substrains sensitive to A, and 
serving as indicators for it. In addition to the lysogenic (carrier) and sensitive 
bacteria, two immune types (“1” and “2”) were found. These are defined 
as resistant but nonlysogenic. 
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The various types have been intercrossed to elucidate the genetic basis of 
lysogenicity. The crosses lysogenic x lysogenic; immune-1 x immune-1 and 
sensitive x sensitive have yielded only the parental class. Similarly, only the 
two parental classes were found in lysogenic x sensitive ; lysogenic x immune-] ; 
and sensitive x immune-1. The segregation of lysogenicity has been confirmed 
by the synthesis of diploid stocks heterozygous for lysogenicity, which behaves 
as a factor linked to Gal, (galactose fermentation). Genetic evidence of the 
transmission of A as a cytoplasmic factor was not found. A locus for latent 
phage, Lf:, which controls the maintenance of A, or to which A is bound is 
postulated. The detailed role of A in the alteration of the Lp; locus that is asso- 
ciated with the resynthesis of lysogenic from sensitive has not been clarified. 

Mutation of A to a more virulent mutant A-2 has been observed. A-2 lyses 
A-lysogenic as well as A-sensitive bacteria. Immune-2 confers resistance both to 
A and to A-2. It does not, however, interfere with the maintenance of A in bac- 
teria already lysogenic. It is genetically separable from immune-1. A few addi- 
tional E. coli stocks sensitive to A, or lysogenic for other phages, have been 
found. In an extensive survey, A itself has not recurred. 
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HE genetics of white and yellow color in the American species of the 


pierid butterfly Colias chrysotheme has been worked out by GEROULD 
(1923, 1941, 1943, 1946) and Hovanitz (1944a, 1944b, 1944c). It has been 


established that the dimorphism found in the female is due to a pair of Men- 
delian genes, W/—w, of which the dominant white gene W shows its effect 
only in the female sex. In breeding experiments white individuals appear usu- 
ally in smaller proportion than expected, probably owing to the lower viability 
or fertility of the homozygous zygote W/W. GEROULD attributes this to the 
presence of a lethal or semi-lethal factor closely linked to W. He also postu- 
lates another lethal or semi-lethal factor closely linked to the recessive w gene. 
HovanitTz is of a somewhat different opinion which he expresses as “ the 
dominant gene becomes lethal or semi-lethal under certain modifier environ- 
ments.” 

This American Colias has two races or subspecies (or even species), philo- 
dice and eurytheme, which differ in the yellow or orange color of the male 
and in habitat. In both, the white female is found in larger proportions in 
northern localities or localities of higher altitude than in southern localities or 
localities of lower altitude (Hovanitz 1944a, c, 1950a, b). 

Colias hyale poliographus Motschulsky is one of the commonest butterflies 
occurring in fields in all parts of Japan, from Hokkaidé to Kyiishi. Its range 
extends to Sakhalin in the north and Ryikyi and Formosa in the south. The 
type species inhabits the Asiatic continent and Europe. It apparently has from 
four to six broods a year in the greater part of its range in Japan, and passes 
winter in the egg, larva or pupa stage. The butterfly also may be seen flying 
even in the midst of winter, and this habit has originated the Japanese name of 
“ Otunen-cho ” which means hibernating butterfly. The larva feeds on various 
kinds of leguminous weeds. 

The male is yellow, while the female has yellow and white forms, as in many 
other species of the same genus. But, unlike in the American Colias, the black 
patterns of the wings show no sexual dimorphism. Among the females the 
yellow form never exceeds in proportion the white form in any district of 
Japan. 

BREEDING EXPERIMENTS 


Breeding experiments were conducted by the junior author in 1950 and 
1951 in the Zoological Institute of Kyoto University. We are grateful to Pror. 
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TABLE 1 





Result of various matings, grouped according to the color (yellow or white) of 
the female parent and the progeny. Parental genotypes, when known, are given 


in parentheses. 











Parents 



































Group Brood Offspring Probable 
number 9 F) we y2 yd mating 
Al w y 35 35 69 
H 63 w y 30 22 49 
1 C9 w y 48 35 61 Ww 2x wud 
€.s w y 40 36 83 
H 44-61 w(Ww) y(ww) 8 21 29 
Total 161 149 291 
x? = 2.22 D.F.= 1 0.1<P<0.2 
B2 w y 55 0 63 
B4 w y 28 0 19 
B 2-12 w(Ww) y(WW) 14 0 18 ie 
H 26-92 we) ¥ 9 0 19 Wwe x wwd 
2 H 44 ww y 35 0 51 ww? x Wwd 
H 83 w y 37 0 43 WWwExwwd 
H 84 w y 60 0 63 ww? x wud 
xi w y 16 0 13 
K 3 w y 16 0 19 
Total 270 0 308 
H 26 w y 35 5 57 
3 H 75 . +4 : 44 Ww 2x Wud 
Total 53 6 71 
x? = 6.92 D.F. = 0.01 < P < 0.001 
H 55-46 w(Ww) y(Ww) 2 1 2 
H 55-39 w(Ww) y(Ww) 1 0 3 
H 55-13 w(Ww) y(Ww) 7 0 8 
H 55-59 w(Ww) (Ww) 6 2 18 
H 55-62 w(Ww) y(Ww) 9 0 4 Ww fx Wud 
4 H 55-53 w(Ww) y(Ww) 1 0 5 (known) 
H 55-103 w(Ww) y(Ww) 8 3 8 
H 55-58 w(Ww) y(Ww) 4 1 5 
H 44-48 w(Ww) y(Ww) 11 1 3 
K 2-6 w(Ww) y(Ww) 0 0 2 
K 2-16 w(Ww) = y(Ww) 16 0 17 
Total 65 8 75 
y?=8.44 D.F.=1 P< 0.01 
C3 y y 0 51 57 
H 19 y y 0 16 13 
H 60 y y 0 22 37 
H 47 y y 0 36 30 
H 52 y y 0 14 22 
5 H 48 y y 0 13 11 wwfxwwd 
H 60-29 y ww 0 4 4 
H 74 y y 0 14 23 
H 44-61-21 y ww 0 9 6 
Hi 76 y y 0 11 10 
H 76-5 y ww 0 13 9 
Total 0 203 222 
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TABLE 1 (continued) 




















Gro Brood rerente Offspring Probable 
™P number 9 F) a? yS eZ mating 
H 55 y y 54 0 47 
H 21 y y 14 0 12 
6 H 76-4 y y 23 0 23 wwfxwwd 
K 2 y y 44 0 62 
H 44 y y 26 0 16 
Total 161 0 160 
H 27 y y 6 17 55 
H 68 y y 22 17 30 
7 H 43 y y 8 17 10 ww ¢ x Wwd 
H 54 y y 42 32 64 





Total 78 83 159 
x? = 0.154 D.F.=1 0.7>P>0.5 





K. NAKAMURA for all facilities given. Pror. J. H. Geroutp and Dr. W. 
Hovani7z kindly gave us valuable advice concerning breeding techniques and 
also reprints of their papers. We record here our sincere thanks for all these 
favors. A part of the expense has been defrayed from the financial aid sup- 
plied to the senior author by the Ministry of Education. 

Most of the broods were obtained from females caught in fields in the 
suburb of Kyoto. Ordinary insect cages, glass aquaria with mesh covers, were 
used for breeding. White clover usually served as the food; during mid-sum- 
mer when the supply dwindled, it was replaced by Indigofera pseudo-tinctoria. 

It was rather difficult to secure brother-sister mating. Even when it was 
feasible, a large proportion of the larvae died before pupation, or death occurred 
in the pupal stage. The mating between a female raised in the cage and a male 
caught in the field was easier. The results obtained in these breeding experi- 
ments are presented in table 1. On the whole, there is no doubt that the dimor- 
phism found in the female of this species has the same genetic basis as in the 
American species, and that the homozygous ww, and probably WW too, has 
lower viability or fertility than the heterozygote Ww. 

In table 1, group 1, are presented the broods consisting of nearly equal num- 
bers of white and yellow females obtained from white mothers. The genetic 
composition of the fathers, except in Brood H 44-61, was unknown, but the 
breeding results show that they were probably recessive homozygotes ww. In 
3rood H 44-61 a ww male raised in the laboratory was used for mating. 

In group 2 are summarized the cases where female progeny raised from 
white mothers were all white. These mothers must have been either Ww or 
WW. The mating was probably either WwxWW,WWxWw, WW xWW 
or WIl" x ww. In some cases where the brood is small, there is the possibility 
that the mating was Ww x Ww. 

In the two broods in group 3, there are a few yellow females and more 
white ones, raised from white mothers. This suggests the mating was probably 
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Ww x Ww. The disproportionately small number of yellow individuals seems 
to be due to the relatively low viability of ww individuals. This is corroborated 
by the results of the breeding experiments between heterozygotes raised in the 
laboratory (group 4). Most of such matings yielded only small broods, proba- 
bly owing to unnatural culture conditions under whictr the individuals of lower 
viability undoubtedly suffered more than those of higher viability. 

It is to be noted that the results of such matings show a rather marked con- 
trast to those of the corresponding mating in the American Colias, in which 
white progeny appeared usually in lower proportion than three-fourths of the 
females. The same is apparently true of the breeding experiments conducted 
on the European C. croceus (Forp 1937, 1945). This deficiency of the white 
females has been interpreted as due to the: lower viability of WW individuals 
than either Ww or ww individuals. In the Japanese Colias, on the contrary, 
ww individuals apparently have lower viability than WW individuals. 

Of the broods from yellow mothers, those which consist exclusively of yel- 
low individuals are shown in group 5. These broods indicate the presence of 
ww x ww matings. Next, the broods in group 6 are made up entirely of white 
females and yellow males. The matings in these cases were undoubtedly of the 
type ww x WW. 

The broods in group 7 contain white and yellow females nearly in equal 
proportion, and suggest that the mating was of the type ww x Ww. The broods 
in groups 6 and 7 show no evidence of lower viability of ww individuals than 
Ww individuals. This discrepancy between the mating Ww x Ww on the one 
hand and the mating ww x Ww or wwx WW on the other, may be under- 
stood by assuming the presence of a semi-lethal factor associated with the w 
gene in some individuals, as has been done by GERouLD (1923). Or else, this 
may be due to the presence of a modifying factor, as assumed by Hovanitz 
(1944). 

WHITE MALES 


The following males of different degrees of whiteness have been bred in the 
laboratory : 

No. 1. A male bred from brother-sister mating of a strain originated from 
a faded female (yellowish, but much paler than ordinary yellow females) 
caught in the field. It is perfectly white, without any yellowish tint in the 
wings ; the body, antennae and legs are also whitish. The cell-spot on the hind 
wing is colorless and very faintly marked off from the ground color. One of 
the wings was damaged during emergence and failed to extend; the veins, 
however, hardened. The butterfly moved about rather actively. This male has 
an appearance fundamentally different from the other whitish males described 
below. Perhaps it represents a new recessive mutant. No further breeding was 
possible from this male. All his sisters were white. 

No. 2. A male obtained from the mating B4 ¢ x B2 é, neither of which brood 
had included any yellow female. The wings are nearly white, but have very 
slight yellowish tone. The cell-spot of the hind wing is of much paler orange 

















PIERID BUTTERFLY 69 


color than usual. The antennae and legs are faintly colored. After emergence, 
the wings were perfectly extended, but the veins did not harden. The brood 
consisted of 7 white females and one yellow male, besides this abnormal male. 

The following males have been found among the specimens collected in 
Otaru in Hokkaido: 

Nos. 3 and 4. The wings are colored much paler than those of the normal 
male, and resemble those of the white female. The cell-spot on the hind wing 
is also pale. : 

Hovanitz (1944b) records two white males obtained from the mating 
orange @ x orange g, and interpreted them to be due to a recessive gene for 
albinism. The whitish males mentioned above, numbers 1 and 2, have been 
found among entirely white (as regards female progeny) broods. It is there- 
fore possible that they are W/W males in which the suppression of the effect of 
the W gene in the male sex became ineffective somehow. However, the possi- 
bility remains that they (especially no. 1) are due to a new gene. 


CELL-SPOT ON THE HIND WING 
The cell-spot on the hind wing is highly variable in color, from nearly white 
through yellow and orange to reddish in females, while it is orange in most of 
the male butterflies. Some males of the spring brood have pale-yellow spots. 
TABLE 2 


Inheritance of color (orange or pale-yellow) of cell-spot 
on the hind wing in the male. 














P Fi 
Brood no. Orange Pale-yellow 
Q é 8 y Total 
spot spot 

H 47 a ? 25 5 30 
H 44 ints ? 51 0 51 
H 44-61 H 44-61 H 47-55 (orange) 21 8 +9 
H 44-61-21 H 44-61-21 —-H 44-61-11 (yellow) 2 4 6 





x? (for broods H 47 and H 44-61) = 0.270 0.7>P>0.5 


When the males have such spots, the females of the same brood in general 
have more faded spots than usual. The tone of this spot apparently runs in 
families. This variation in color of the spot obviously has a genetic background. 
In table 2 the results of some breeding experiments on this character are pre- 
sented. Although the data are few, they seem to indicate that the difference in 
color of this spot in males, orange or pale-yellow, is determined on a monogenic 
basis, the orange being dominant over the pale-yellow. 


POPULATION SAMPLES 


Population samples have been obtained from seven localities in Japan 
(table 3). Some of them are small, but they show: 1. Among the females, 
white forms are more numerous than yellow forms throughout the range of 
this butterfly in Japan. 2. This disparity is more pronounced in samples from 
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TABLE 3 
Compositions of population samples from various localities in Japan. 
g 
Locality Collector $ 
w y Tw 
Sendai Y. Ono (1951) 43 14 75.4 100 
Oiwake (Nagano) T. Niimura (1950) 444 154 74.3 772 
Tokiwa (Nagano) A. Hosono (1951) 68 20 77.2 142 
Arakawa (Tokyo) T. Niimura (1940) 25 9 72.2 76 
Gotemba T. Komai (1949, 1951) 154 63 71.0 228 
Kyoto S. Aé (1951) 61 48 56.0 146 
Fukuoka T. Shirozu (1949) 39 34 53.4 146 
Korea Seok 2806 3270 46.2 10388 
- ” 93 69 57.4 285 





northeastern localities than those from southwestern localities. In the former 
the white form comprises more than 70 percent, while in the latter localities 
it is only slightly above 50 percent. In terms of the incidence of the recessive 
gene for yellow, w, it is about 50 percent in the northeastern localities, and 
about 67 percent in the southwestern localities. These figures, however, might 
not be correct, because of the differential viability of different genotypes sug- 
gested by the breeding experiments. In Korea the proportion of the white form 
is about the same as in West Japan, or even somewhat lower. These data have 
been quoted from SEoK’s papers (1934, 1941). He does not give the exact 
localities of these materials. But it is likely that the larger sample consists of 
materials from all parts of Korea, while the smaller sample is from around 
Kai-seng where the author was located. 

This general trend of the geographic variation in the frequency of the genes 
for the wing color largely conforms with what has been found in American and 
European species of Colias, where the gene for the white color exists in greater 
frequency in localities of cold climate (Hovanitz 1944a, c, 1950a, b). 

No striking seasonal change in the relative frequency of the white and 
yellow forms among females such as found by Hovanitz (1944b) in the popu- 
lation of Colias chrysotheme at Mono Lake, California, has been found. Komat, 
however, has recognized in the population of Gotemba a rather distinct tend- 
ency for the brood in autumn to contain relatively more white females than 
the broods in summer (table 4). This fluctuation, also, is obviously of the 

TABLE 4 


Seasonal difference in the ratio of white and yellow forms among 
females collected in Gotemba. 

















June-August September-Oc tober 
w y aw w y aw 
1949 48 22 69.9 22 1 95.6 
1951 49 31 61.2 20 7 74.0 
Total 97 53 64.6 42 8 84.0 





x? = 5.73 .02>P>.01 
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same kind as that found in the American species occurring in localities where 
the change in climate is more pronounced, e.g., Mono Lake, California. 


DISCUSSION 


Thus, our findings on the genetics of this butterfly largely accord with the 
accounts by previous authors on other species of the same genus. All the data 
obtained by breeding experiments, as well as by observations on population 
samples, may be interpreted on the same genetic basis. Difference may be seen 
in that, while the experiments on the American species suggest the semi- 
lethality of the dominant homozygotes WW under some genetic or environ- 
mental condition, the present data show the deficiency of the recessive homo- 
zygote ww more often. This difference seems to be correlated with the fact 
that the American materials were derived from localities where the dominant 
gene is less abundant, while the Japanese materials were taken from localities 
where this gene is more common. It is very likely that the heterozygote Ww 
surpasses in viability either homozygote WW or ww, and that the relative via- 
bility of these homozygotes is a function of the climatic condition—in the 
colder climate ww is usually more at a disadvantage than WW, while the 
reverse is true in the warmer climate. The relative frequency of the dominant 
and recessive genes is thus kept in the equilibrium state, so as to be finely 
adjusted to the surrounding environment in any part of the range of this 
butterfly. 

The deficiency of the recessive ww is very apparent in the mating of hetero- 
zygotes, while the recessives appear in about the same frequency as the hetero- 
zygotes in the back-cross. This apparent discrepancy becomes understandable 
if it is assumed that the recessive gene w is frequently associated with some 
factor causing semi-lethality, or, the recessive gene itself is at a disadvantage 
under the prevailing environment in the range of this butterfly. The viable 
recessives are free from this factor by some reason, either by the presence of 
a modifying gene, or by crossing over. So, if they are used in back-cross ex- 
periments, no deficiency of recessives can be seen in the progeny. 


SUMMARY 


Breeding experiments have been conducted on Colias hyale poliographus, 
a common butterfly in Japan, which has dimorphic females. The results show: 
1. The white form found in females is due to a dominant gene whose effect 
is not manifested in the male. The male and female may be of the genetic 
composition : 
Female: ww (yellow), Ww (white), WW (white), 
Male: ww (yellow), Ww (yellow), WW (yellow). 


2. The mating between heterozygotes produces recessives ww among female 
progeny in smaller proportion than expected. This fact suggests low viability 
of the recessive individual. Such deficiency of recessives cannot be seen in 
back-cross experiments. 
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3. A few whitish males appeared in breeding experiments. Also a few males 
much paler than ordinary males have been found among the specimens col- 
lected in Otaru in Hokkaidd. Some of these whitish specimens are possibly 
WW males; one at least appears to be a new mutant. 

4. The cell-spot on the hind wing of the male may be orange or pale-yellow. 
This difference seems to be determined on a monogenic basis, orange being 
dominant. 

5. Population samples from seven localities in Japan show that the white 
female is relatively more abundant in the northeastern localities than in the 
southwestern localities. Also, the autumn brood in one of the localities has 
relatively more white females than the spring or summer brood. 

6. Generally speaking, the recessive homozygote ww seems to be more at a 
disadvantage than either the heterozygote Ww or dominant homozygote WW 
in the environment prevailing in Japan. In some cases such disadvantage does 
not seem to exist. It is not clear whether this is due to the presence of a modi- 
fying factor, or to crossing over. 
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HE ascomycetes are characterized by the production of spores which are 

contained in a sac and usually originate from the reduction of a single 
diploid zygote nucleus. In Saccharomyces, meiosis produces 4 haploid nuclei, 
each of whici: is usually converted into a spore; the standard ascus is 4-spored. 
In most of the higher ascomycetes the standard number of spores in an ascus 
is 8, although an ascus may contain fewer than four, or as many as a thousand 
or more. An 8-spored ascus is achieved by a third division, followed by the 
production of a spore wall around each of the 8 nuclei. In Neurospora, this 
process is followed by a fourth division inside the spore, producing binucleate 
spores. LINDEGREN and Scott (1937) showed that some strains of Neuro- 
spora may produce as many as 20 spores in an ascus, but only eight of the 
spores contain nuclei. The spore wall is produced by an autonomous process 
which may enclose a mass of cytoplasm (without a nucleus) in a spore wall. 
DopceE and Appet (1944) found strains of Neurospora which produced only 
a single ascospore; the entire ascus wall was transformed into a spore wall. 
In Neurospora tetrasperma 4 (instead of 8) spores are usually produced, each 
containing 4 (instead of 2) nuclei. There is no evidence that more than 16 
nuclei are present in any single ascus of Neurospora, although the spore num- 
ber may vary from 1 to more than 20. More than 8 spores containing nuclei 
have not been observed in any single ascus of Neurospora. Although two super- 
numerary mitoses always occur, there is no evidence that more than two ever 
occur. 

In other genera, notably Dipodascus and Thelebolus (Bessey 1935), the 
number of spores may vary from about 100 to 1000 per ascus. In these genera, 
it seems probable that all the spores are descended from 4 haploid nuclei pro- 
duced by meiosis from a single nucleus. Repeated mitotic divisions of the 4 
nuclei after reduction are not uncommon in other ascomycetes, resulting in 
asci containing 16, 32, 64 or more nuclei before spore formation begins and 
producing asci which contain a corresponding number of spores in each ascus. 
In most ascomycetes 8 nuclei are originally formed and asci containing fewer 
than 8 spores usually result from the degeneration of some nuclei, rather than 
the inclusion of a large number of nuclei within a single spore wall. 

Among the yeasts, Schizosaccharomyces produces either 4 or 8 spores in a 
single ascus ; presumably the 8-spored asci are produced by a third division of 
the 4 nuclei resulting from reduction. In Schizosaccharomyces it is very un- 


1 This work was supported by research grants from the Southern Illinois University, 
The American Cancer Society of the National Institutes of Health, Public Health Service 
and Anheuser-Busch, Inc. 
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usual to find asci containing other than either 4 or 8 spores. In Saccharomyces, 
on the contrary, asci containing fewer than 4 spores are usually more abundant 
than the “ standard ” 4-spored asci, presumably resulting from the degenera- 
tion of one or more nuclei. LINDEGREN (1949) proposed that some 1-spored 
asci in Saccharomyces were produced by the formation of a spore wall around 
an unreduced diploid nucleus, but this may be a relatively rare event. 

In contrast to the high frequency in Saccharomyces of asci with fewer than 
4 spores, asci with more than 4 spores are extraordinarily rare. The method 
of their formation has become a matter of considerable interest since WINGE 
and Roperts (1950) have suggested that irregular segregations may result 
from the mitotic division of the nuclei produced by reduction, resulting in 8 
(or more) nuclei in a single ascus, followed by the degeneration of all but 4. 
If the zygote were heterozygous for a single pair of genes and only 4 of 8 
nuclei survived, 3 of which were recessive and 1 of which was dominant, an 
actual 1:1 ratio would be transformed to a 3:1 ratio. MuNpKUR (1950) has 
shown, however, that W1NncE and Roserts’ hypothesis is incapable of explain- 
ing all hybrid asci that have been analyzed. The present paper reports the 
direct genetical analysis of hybrid asci which contained more than 4 spores. 

The asci with more than four spores were obtained from an inbred stock 
which produced them together with many 4-spored asci (as well as many asci 
with fewer than 4 spores) ; the many-spored asci were in the minority even in 
this selected stock. Table 1 shows the pedigree in which the selected stock was 
developed. Eight-spored ascus No. 1 was found among the asci obtained from 
a mating of 12115 by 12112. This hybrid was marked, however, for only 2 
good characters (a/a and ME/me) and therefore analysis of the ascus did not 

TABLE 1 


Pedigree showing the development of breeding stocks capable of producing 
a high frequency of asci with more than four spores. 





12115 x 12112 12475 x 8308 
amemg X aMEmg ameMGp X aMEmgP 
No. 1 12249-12255 8-spored No. 2 12670-12675 8-spored 
12251 x 12674 12873 x 12674 
aGAmgp X agaMGP aGAmgp X agaMGP 
No. 3 12866-12871 8-spored No. 9 13019-13025 7-spored 
No. 4 12872-12877 7-spored No. 10 13026-13040 18-spored 
No. 5 12878-12884 8-spored No. ll 13041-13051 14-spored 
No. 6 12885-12892 8-spored 
No. 7 12903-12910 8-spored 
No. 8 12911-12917 7-spored 





Abbreviations: The symbols GA, ME, MG indicate genes controlling the ability 
to ferment the sugars galactose, melibiose and alpha-methyl glucoside; correspond- 
ing symbols in small letters indicate inability to ferment these carbohydrates. The 
symbols, a and a indicate mating type. The symbols, P and p indicate pink and 
white respectively; white cultures are adenine-independent while pink cultures are 
adenine-dependent. Ascus No. 1 contained eight spores numbered in order from 
12249 to 12255, thus culture 12251, which was a parent of the succeeding genera- 
tion, arose from ascus No. 1. 
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contribute to the question at hand. The other asci, excepting No. 5, were segre- 
gating for 4 markers. 

When 4 markers are used a maximum of 16 classes of offspring is expected. 
These are all listed in the second column of table 2. In the first column is a 
number used to designate each of the classes. To analyze the data it is neces- 
sary to know the kinds of asci which could be produced by a hybrid hetero- 
zygous for four gene pairs. These are shown in table 3. Previous data had 


TABLE 2 


Types of offspring found in 9 multispored asci. The second column shows the 
16 possible genotypes obtainable from a hybrid heterozygous for a/a, GA/ga, 
MG/mg, and P/p. The numbers in the first column are used in tables 3 and 4 to 
indicate these different genotypes. It will assist in the analysis to observe that 
pairs 1 and 16, 2 and 15, etc. form a series which are complementary for all four 
loci. 




















Class Types of Ascus number 
— - Ss -3 24t t tt... oe 
1 a GAMGP 1 1 1 3 
2 a@GAMGp 1 et SS 1 4 
3 a GAmgP 1? 2 1 2 6 
4 a GAmgp 2 1 3 
5 a gaMGP 1 1 2 1 5 
6 a gaMGp 1 1 1 3 
7 a gamgP l 1 1 2 1 1 7 
8 a gamgp os 1 1 1 2 6 
9 aGAMGP 1 2 1 4 
10 aGAMGp 1 1 1 1 2 ‘| 2 1 10 
11 aGAmgP 1? 1 1 2 
12 aGAmgp 1 1 1 1 1 5 
13 a gaMGP 1 1 1 1 4 
14 + agaMGp l 1 
15 agamgP 1 2 3 
16 agamgp r 2 2 
Number of 
viable spores 6 6 6 6 8 7 7 14 8 68 
Number of types 6 5 5 6 8 4 6 10 7 
Number of 
Original spores 8 8 7 8 8 7 7 18 14 





? Heterozygous for ME/me instead of GA/ga. 

?Not diagnosed for a/a, may be 3 or 11. 

3 Not diagnosed for a/a, may be 8 or 16. 
shown that the four markers were not linked and this is confirmed by the find- 
ing in the last column of table 2, showing that each of the 16 classes occurs 
with approximately equal frequency. 

Table 3 is constructed by expanding the tables of WHiTEHOUSE (1942) (for 
4-gene hybrids) and collecting all the unordered asci under similar headings. 
Sixty types of unordered asci are possible. Corrections for the linkage of a and 
GA to their respective centromeres did not seem necessary for the purposes of 
the present analysis. 
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TABLE 3 


The 60 different possible types of unordered asci following segregation in a 
hybrid heterozygous for 4 genes. The different types of asci are indicated by using 
their class numbers (table 2) to show the genotypes of the spores. There are 8 
possible ditype asci (e.g., 111616), 28 complementary tetratypes (e.g., 1215 16) 
and 24 non-complementary tetratypes (e.g., 14 1415). If each of the factors is as- 
sumed to be independent of its centromere the tetratypes are each of equal frequency 
and 4 times as frequent as the ditypes. 





111616 18 916 261115 351214 451015 571012 
121516 181015 27 916 36 916 451114 58 912 
131416 181114 271015 361015 451213 581011 
141316 181213 271114 361114 46 915 661111 
141415 221515 271213 361213 461113 67 912 
151216 231316 28 915 371014 47 914 671011 
161116 231415 281113 38 914 471013 68 911 
161215 241315 331414 381013 48 913 771010 
171016 2512.15 341314 441313 551212 78 910 
171214 251116 351016 45 916 561112 88 9 9 





Table 4 shows the types of spores isolated from these asci together with the 
reconstruction of the asci. Eight of ten asci contained more than four kinds 
of spores. This fact obviously excluded supernumerary mitoses, and suggests 
that asci Nos. 2, 3, 4, 6, 7, 9, 10, and 11 originated by the fusion of two or 
more diploid cells before reduction or by the fusion of the asci after reduction. 
Ascus No. 10 contains four identical pairs, but the reconstructions suggest that 
five different asci are involved. Sporulation often occurs in a row of cells con- 
nected end to end, and if the ends were to fuse one long ascus would be pro- 
duced. Ascus No. 8 suggests the possibility that supernumerary mitoses had 
occurred. However, the calculation of its probability if 2 asci had fused by 
PapazIAN (1952) has shown that an ascus of this type may be expected to 
occur about once in 55 times if 2 asci had fused and, since 10 asci were sampled 
there is at least one chance in five that an ascus of this type would be found. 
It may be concluded, therefore, that one ascus of this type is not unexpected. 

Ascus No. 5 was produced in a mating in which regular segregations for 
both 1fG/mg and P/p occurred in all the other asci. An excess of the types 
MG and p appeared. This could be the result of the fusion of two cells in a 
strand of triploid or tetraploid cells 

The high frequency of duplicate types in asci with more than four spores 
suggested the probability that a restricted type of supernumerary mitosis might 
occur involving the division of a single nucleus. A calculation by Dr. A. M. 
Mark (personal communication) of the expectation of none, 1, 2, and 3 dupli- 
cate pairs in an 8-spored ascus if 16 types are available is given below: 


P (0) = 0.23 
P (1) = 0.52 
P (2) = 0.18 
P (3) = 0.07 


where P (n) is the probability of n pairs. These figures reveal that pairs of 
identical genotypes might occur in approximately half of the asci. The observed 














ASCI WITH MORE THAN FOUR SPORES 77 


TABLE 4 


Classification of spores in multispored asci with reconstruction of probable asci 
produced. The asci are reconstructed by rearranging the types of surviving spores 
into tetrads corresponding to those found in table 3. An expected spore which may 
have failed to survive is indicated in italics. 








A No. of 
scus “he “ 
No spores Types of surviving spores Reconstructed asci 
i isolated 
2 8 3 or 11, 67101314 371014 or 361114 
361213 471013 
3 8 335, 8 or 16, 1012 331214 or 351016 
581011 361213 
4 7 14471213 171214 
441313 
6 8 16891011 68 911 
171016 
7 8 245710121315 251215 or 271015 
471013 451213 
451015 or 571012 
271213 241315 
8 7 778991010 78 910 
70 910 
9 7 2389101515 28 915 
361015 
10 18 1233557101011 251116 
12131616 351016 
171016 
361213 
11 14 2567881012 571012 
88 9 9 
261115 





frequency of duplicate pairs conforms approximately to this expectation. Al- 
though these calculations were made without consideration of the restrictions 
imposed on expectation by the limitation in possible types of asci, it did not 
seem necessary to carry out the elaborate calculations that this correction 
would involve to show that a high frequency of duplicate pairs can be expected. 


SUMMARY 


It is concluded that supernumerary mitoses do not occur in the majority of 
asci of Saccharomyces which contain more than four spores. Data are pre- 
sented which suggest that asci with more than four spores usually arise 
through the fusion of adjacent sporulating cells. 
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ie the study of biological replication, the most promising methods of attack 
appear to involve the use of genetic specificities. For the investigation of 
this problem with bacteriophage, it is then important to make available a rather 
abundant supply of genetic markers and to learn their genetic properties. This 
paper deals with the hereditary characteristics of a class of previously unde- 
scribed genetic factors and their recombination frequencies with known r 
(rapid lysis) and m (minute) loci both of which influence plaque morphology 
(HersHey and Rotman 1948, 1949). The factors to be described are desig- 
nated by the genetic symbol tu because they increase the turbidity of the plaque 
halo. Mention of some of the plaque types involved has been made previously 
in a brief report (DoERMANN and Dissosway 1949). 

HERSHEY and RotTMAN’s data (1948, 1949) for the recombination frequen- 
cies among 7, h (host range), and m loci in phage T2 indicate some kind of 
linkage system but their data were sufficient to establish only that a linear 
arrangement is a possibility. The data presented in this paper indicate a linear 
order for at least five linked factors in one group, and three in another. 


MATERIALS AND METHODS 


Bacteriophage T4 was used throughout these experiments except where the 
purpose was the introduction of two of HErsHEy and Rotman’s (1948) r fac- 
tors into T4 from T2. The single m factor used in T4 was obtained by isolating 
a mutant from a genetically complex stock. The mutant was crossed to wild 
type and T4m was obtained as a segregant. The r mutants originating in T4 
were obtained by isolation of a single r from each of a number of mottled 
plaques. Each of these arose from an individual T4r+ particle. Similarly all 
the tu strains were obtained from independent mutations in T4rggtu+. Large 
numbers of tu’s are readily collected since a 24-hour plaque of rtu*+ invariably 
contains a small proportion of tw mutants. 


1 This manuscript was written in part while the senior author was visiting the Bio- 
logical Laboratories of the California Institute of Technology. He is indebted to Dr. 
G. W. Beapte for making this visit possible through financial assistance. The authors’ 
appreciation is also expressed to Dr. M. Detsriick and Dr. N. Visconti for many 
stimulating discussions and for critical reading of the manuscript; and to Dr. A. W. 
KIMBALL for performing the statistical evaluation of the data. 

2 Work was performed under Contract No. W-7405-eng-26 for the Atomic Energy 
Commission. 
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The following system of nomenclature has been used in this paper. Names of 
HersHEY and RoTMAN’s mutants are unchanged. Our isolates were all given 
a subscript number of 41 or higher. In cases where similar mutations occur in 
allelic or almost allelic positions, the letters a, b, c, etc. are attached to the sub- 
script. Thus, sia, Ys1», and 75;-< denote three independent r mutants which 
show little or no recombination with each other. 

The culture medium used in all experiments was the usual 0.8 percent solu- 
tion of nutrient broth (Difco) with 0.5 percent sodium chloride added. Phage 
stocks were cultured in the enriched nutrient broth medium used by HERSHEY 
and Rotman (1949). A T6-resistant mutant of HERSHEY and ROTMAN’s 
strain S was used for assay platings and as host bacterium in preparation of 
phage stocks. Strain B of Escherichia coli was used as host for all other 
purposes. 

Assays were made by the customary agar layer plating method, using the 
same media as were used by HERSHEY and RoTMAN (1949). The plates were 
poured quite full, since the optimum differentiation of plaque types is produced 
with 50-60 ml per 100-mm Petri plate. Two drops of an aerated overnight 
culture of S/6 and a sample of the phage to be assayed were mixed in 2 ml of 
soft agar at 45°C and poured over the surface. The plates were incubated 
20-24 hours at 33°C, which seemed to give the most satisfactory differentia- 
tion. In general, lowering the temperature of incubation increases the turbidity 
of the halos and decreases the size of the plaques. Another condition which 
influences the turbidity of the halos, and which may at times be used to ad- 
vantage is the nutrient composition of the agar. Increasing the glucose and 
tryptose makes the halos more turbid. The dryness of the plate also influences 
differentiation. Plates were incubated at 37°C for 20 hours before they were 
used, and filter paper liners were placed in the lids for uniformity in dryness. 

Preparation of stocks genetically homogeneous with respect to tu afforded 
some difficulties at first. This is because some of the strains used in the present 
experiments are genetically unstable in one respect, namely, that 24-hour 
plaques resulting from single phage particles contain a high proportion of 
phage which is genetically different from the original particle. It was dis- 
covered, however (DOERMANN and Dissosway 1949), that young plaques 
(4-6 hours of incubation) contain a genetically homogeneous population, at 
least with respect to those factors that we are able to identify. By using young 
plaques to infect bacterial cultures it has been possible to obtain genetically 
homogeneous stocks even of those types which had previously appeared to be 
most unstable. It should be noted in this regard that permitting bacterial cul- 
tures to become excessively turbid before infecting them with the young plaque 
also resulted in genetic heterogeneity in the stock. Once a homogeneous stock 
was obtained, it was possible to subculture it in the usual way without resort- 
ing to the use of plaques, provided the bacterial culture was not too turbid. 

Filtered lysates of rm stocks were usually not of sufficiently high titer for 
practical use and were therefore concentrated by centrifugation. Centrifuged 
stocks were resuspended in nutrient broth. Except for the rm stocks, it was 
not necessary to concentrate the filtrates. 
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The method of crossing is to perform a one-step growth experiment with 
mixed multiple infection (Luria and Devsriick 1941). Care was taken to . 
make experiments as uniform as possible in all details. Bacteria at 2 x 107 cells 
per ml were concentrated in broth by centrifugation to ca. 4x 10*. An equal 
volume of the appropriate phage mixture was added to the culture. After 2% 
minutes, adsorption was stopped by dilution. The unadsorbed phage was meas-~ 
ured in one aliquot and inactivated by anti-T4 rabbit serum in another. Platings 
made prior to lysis from the diluted serum-treated culture gave the titers of 
infected bacteria. Genetic classification of the progeny was made on post-lysis 
platings from a 20-ml sample which contained the phage yield from about 200 
bacteria. This sample was stored in the refrigerator, and, since later platings 
showed no loss of titer over a period of several months, replatings were made 
when it was desirable to obtain larger counts. 


EXPERIMENTAL RESULTS 


Classification of the mutant strains used. In establishing the group of r 
stocks used in these experiments, six r mutants were isolated from independent 
mutations in T4. These were first intercrossed with each other and with r; 
and rz. The latter pair was obtained from Dr. A. D. Hersuey as T2H mutants 
(HersHey and Rotman 1948). They were introduced into T4 by making 
mixed infection with T2r and T4r*,- followed by isolation of r plaques from 
platings against B/2. The eight r loci fell into three groups on the basis of 
their recombination values. Intragroup crosses yielded recombination values 
(Rix) of less than 1 percent. (These values are found by doubling the percent- 
age of the r+ recombinant since the complementary rr -recombinant is not 
readily distinguishable from either of the parental types. In crosses where the 
two complementary recombinants are distinguishable, however, their sum has 
been used as a measure of Ry.) Group A consisted of 71, raga, and rasp, group 
B of rz and 747, and group C of 751a, 751», and 751c. Any member of group A 
shows 36—44 percent recombination with any member of either of the other 
groups. On the other hand, either member of group B shows 5-8 percent re- 
combination with any member of group C. Thus similarity in the r linkage 
groups in T2 and 74 is indicated, since the r; and rz groups appear to be 
unlinked in both phages, and since in both, there are other r’s closely linked 
to rz (HERSHEY and Rotman 1948, 1949). In this connection, however, it 
should be mentioned that experiments to introduce the 7:3 locus from T2 into 
T4 were unsuccessful in several attempts. The reason for this is not known, 
but it may suggest some difference in the genetic structure of T2 and T4. 

It is perhaps worth mentioning that, among the intercrosses of the eight r 
mutants, several cases were found where no wild type plaques were produced. 
Crossing raga by rasp yielded no wild type in 1700 plaques examined, and 
Ysi» by rsic yielded none in 1054. This contrasts with the findings in T2 of 
HERSHEY and Rotman (1948) where no allelic pairs were found among 14 
mutants tested, suggesting perhaps, that the number of factors controlling the 
r+ phenotype is not as large as might have been predicted from their data. 

Twenty-six tu mutants of independent origin were isolated and may be 
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grouped into five clusters as seen in table 1, which lists the intracluster re- 

combination value. These are based on the proportion of the tw+ recombinant 

only. Since the number of tu+ plaques per cross varied from zero to only 35, 

and since only a few of the possible intercrosses have been made, caution must 

be exercised in estimating the number of loci represented. Minimum estimates 
TABLE 1 


Recombination values within the clusters of near-allelic tu loci. 














— Number of 
rn siemeee _ Cross indicating plaques Percent 
inclusion in cluster ° recombination * 
examined 
tug, Oana ote ae oe) 
lUaib tUgib X lUgia 557 0.0 
tare tUgic X Mage 819 0.0 
tUgia tlgid X tUgia 487 0.0 
Use tUgie X lUgic 531 0.0 
tug tUgra onto suse woes 
tur tUgab X tUgra 1137 0.4 
tare tUgac X tUgra 509 0.0 
tUgad tga X ttgad 3014 2.3 
tUare tUgre X tUgad 866 0.5 
tUge tUgre X tUgga 4445 1.3 
tUgof tUgot X tugad 686 0.0 
tUgag tugag X tugat 788 0.2 
lUgah tUgah X lUgad 795 2.3 
lig, tUgsa eves cove coee 
tugs tUgsb X tugsa 698 0.3 
lUasc gsc X tUgsb 426 0.4 
tUgsa tUgsa X tgp 720 0.0 
tUgse tUgse X tUgse 2946 0.1 
lUasf tUgst X lUgse 1152 1.6 
ligy tUgaa exe coos woes 
tab tUgab X tga 1313 0.6 
tUgec tugac X tUgad 649 0.0 
lUgad tugad X tUgac 2395 0.7 
lugs lUgsa ose sons eoee 
tugsb tugsb X tugs 1835 0.0 
tase lUgsc X tUgse 1064 Red 





“Although the back-mutation rate from any tu to tut has not been estimated ac- 
curately, it is evident that the occurrence of more than’ one tu* in 1000 plaques 
cannot be ascribed to back mutation. The stocks prepared for these experiments, 
which are the result of myltiple infection with a single tu type, rarely contain one 
tu* per 1000 phage particles. 
can be made, however. In the tu4; region only a single member has been found. 
In the tug. cluster, at least three separate loci are evident. In the other three 
clusters, the minimum estimate would appear to be two in each. 

Even though the experiments were not very satisfactory from a quantitative 
point of view, it may be said that a similar cluster of several m loci was dis- 
covered. HERSHEY and RotTMAN’s m, when introduced into T4 is quite close 
tO M14}. 
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Figure 1.—Phenotypic expression of several tu factors‘ in T4ris and in T4r*. In 
photographing the plaques it was necessary to give the r* plaques a slightly longer 
exposure than the ris plaques in order to bring out the differences in their halos. 

The genotypes of the plaques are as follows: 


1. ristu* 2. rastttson 3. rasttsralttion 
4. restilsin 5. rasttssa 6. Testtisse 
rl r* tu’ 8. r* tts 9. r* ttinaltlsn 


Some of the morphological characteristics of tu plaques are shown in fig- 
ure 1. Plaques in sections 1-6 show certain of the characteristics in a genetic 
background of r4g,. Plaques in sections 7-9 show some of them in the r+ back- 
ground. The top row illustrates the types that might be expected from a cross 
of two nonallelic tu factors which themselves are indistinguishable. The middle 
row (4-6) shows three phenotypically different t# mutants from the tig, 
cluster, and the bottom row (7-9) shows r+ with zero, one, and two tu factors. 

3y using these types in appropriate combinations, three-factor crosses are 
possible where, under ideal conditions, all eight plaque types are differentiable. 

The results to follow will deal with intercrosses among the described clusters 
of mutants as well as the m factor isolated in T4. The data for intercrosses of 
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all members of one cluster with those of another cluster have been pooled, 
unless the recombination value within the cluster was high enough to affect the 
intercluster recombination value significantly. 

Statistical treatment of the data. Since it is known that the relative multi- 
plicity (number of phage particles adsorbed per bacterium) of the two infect- 
ing parental types affects the recombination value, a criterion was set up for 
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MULTIPLICITY RATIO 


Ficure 2.—Recombination value as a function of the inequality ratio of parental loci in 
the yield. The inequality ratio is the ratio of genetic markers from one parent to those 
from the other parent. The lower number has been divided by the higher in all cases. 


A Expts. 
A Expts. 
O Expts. 
@ Expts. 


with cross fs X tts 
with cross fs X tts 
with Cross Ma XK tta 
with cross mu X tts 


rejecting any experiment where this bias would be expected to have an appre- 
ciable effect on the measured value. The most reliable measure of relative 
multiplicities appears to be the ratio in the yield of the genetic marker from 
one parental type to its allele from the other. In figure 2 the recombination 
values from several experiments are plotted against this ratio (always the 
lower to the higher number). It is seen that, if the data are taken from experi- 
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ments which have a ratio of 0.67 or greater, the recombination value generally 
falls on or near the flat part of the curves, giving maximum values. At lower 
ratios the recombination percentage is, in most cases, smaller. Although selec- 
tion of a higher ratio might have given a little more precision, more data would 
have been eliminated. Therefore, the following criterion was established : When 
a ratio falls significantly below 0.67 (at the 5 percent level) then the experi- 
ment was rejected as not representative of the true recombination value. In 
cases where the ratio could not be determined from the yield, the multiplicity 
of infection was used as a criterion. All multiplicities are measured with 
approximately equal accuracy, but less accurately than the yield ratios. All 
experiments having multiplicity ratios of less than 0.67 were therefore rejected 
without testing the significance of the deviation. 

Experiments were also selected on the basis of total multiplicity of either 
parent. When the multiplicity of infection of either parent was less than 3, the 
experiment was rejected, since in this case 5 percent or more of the bacteria 
could give no recombinants because they would not have been infected by one 
parental type. Of the total of 125 experiments, 16 were rejected for unsatis- 
factory ratios.and 4 for low multiplicities. 

The number of experiments per cross ranged from one to nine, and the 
number of plaques counted varied from about 400 to 4000 per experiment. In 
general, large numbers of plaques were counted for crosses yielding small re- 
combination percentages. Since it was anticipated that extraneous factors 
would result in more total variation than could be expected on the basis of 
random binomial error, the method of CocHran (1943) was used to obtain 
appropriate weights for an analysis of variance. Over all experiments it was 
found that 55 percent of the total variation could be attributed to extraneous 
factors. Using this information, exact weights (as opposed to partial or bi- 
nomial weights) were computed for each experiment. The weighted analysis 
of variance took the form of a randomized blocks experiment, and a modified 
form of the method described by Tukey (1949) was used to separate the 
mean recombination percentages into statistically undifferentiable groups. In 
every case, the 5 percent level of significance was used. 

The results of intercluster crosses. The data, selected as described are given 
in table 2. For the purpose of distinguishing linked and unlinked pairs the 
mean recombination values (Ry) have been grouped into two families which 
are separated by the horizontal line in the table. The pairs in the lower group 
with recombination values ranging from 32.9 to 45.5 percent cannot, without 
more information, be considered as linked. Those pairs in the upper group are 
linked. The data further indicate that the nine loci fall into three groups which 
appear to be independent of one another. The only member of the group I 
is 74g. Group II contains three linked loci, 747, 751, and tt4,, and group III con- 
tains five, namely, tugo, tttg4, fgg, M41, and fi45. 


DISCUSSION 


Although the conventional three-factor crosses with the loci described in this 
paper are not yet available, it is possible to investigate whether, on the basis 
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TABLE 2 
Recombination values observed in two-factor intercluster crosses. 
95 percent 
Pisce Mean recombination confidence limit Recombination 
value (Ry, )* per mating (Pi,)** 
Lower Upper 
percent percent percent percent 
Tan X 753 5.4 4.1 6.8 2.4 
Ts, X tug, 23-7 20.8 26.7 12.8 
Ter X tugs 25.0 21.3 28.9 13.8 
tug, X tUgy 9.5 8.1 11.1 4.2 
lug, X tugs 25.5 22.0 29.0 14,1 
tg, X My 30.1 25.8 34.7 18.3 
tig, X tugs 32.6 t 27.9 37.4 21.0 
tig, X tttgs 20.5 18.1 22.9 10.6 
tig, X Mg, 24.9 14.9 36.4 13.7 
ttgg X tgs 30.3 26.7 34.1 18.5 
tugs X May 10.2 8.4 12.0 4.5 
tgs X tugs 21.8 19.2 24.4 11.5 
Mg, X tugs 15.5 13.1 18.1 7.4 
re X tugs 32.9 29.2 36.7 
tg, X tugs 34.9 29.2 40.8 
Tea X May 35.9 27.5 44.8 
Tay X Ugg 36.1 31.0 41.3 
Tag X tgs 36.4 31.8 41.2 
Ty X tugs 36.4 28.9 44,3 
tug, X tug, 36.9 34.6 39.3 
tug, X big, 37.0 27.9 46.7 
tug, X mg, 37.1 31.3 43.0 
Tea XT sy 37.4 30.3 44.8 
'a X%a 37.7 29.8 46.0 
151 X tug, 38.8 27.3 50.9 
Ts, X tugs 39.1 35.1 43.2 
tug, X tugs 39.2 34.7 43.9 
Ts, X Ma, 39.3 33.4 45.3 
Taq X tga 40.3 27.8 53.5 
Ts x lugs 40.8 31.3 50.7 
Taq X tgs 41.3 32.9 50.9 
T's x tug, 41.6 25.3 58.7 
Ts X tugs 41.7 39.1 44,3 
Tar X May 43.2 37.2 49.3 
a7 X bugs 43.6 33.2 3201 
5, X tugs 45.5 35.9 55.2 





*The weighted mean. 

**Calculated from the mean recombination value as described in the Discussion, 
using equation 2 and m= 5. 

tThe variance analysis would place this value below the line separating linked 
from unlinked loci. The linkage of these loci is obvious, however, from their 
linkages with intermediate markers. 


of the two-factor crosses, a linear arrangement of the loci is indicated. When 
they are placed in the order given in figure 3, a linear arrangement is com- 
patible with the data, since we see that the recombination value for any pair 
of nonadjacent loci is always larger than the recombination value for any of 
the intermediate pairs. To be more explicit, let the loci be indicated by 1, 2, 3, 
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4, and 5 for the larger linkage group in the figure, and let Rio be the recombi- 
nation value for 1 (tu42) and 2 (tu44). Rog is the recombination value for 2 
and 3 (tw43) and Ris for 1 and 3. Then it is seen that Ri3 is greater than Ry2 
or Ro, and, in fact, this is true for any set of three loci in either linkage group. 

One can then proceed to test the question, which naturally follows, whether 
the recombination values are statistically independent of each other or are 








' 25.0 a 

5.4, 23.7 ; 
~ ae T T 

a7 "5 tug, 


LINKAGE GROUP I 


























— 32.6 —{ 
t 30.3 — 
t 30.1 1 
_ 24.9 ai 
' 25.5 f 21.8 — 
— 20.5 — 15.5 ;, 
Ugo tg 4 tgs My tgs 


LINKAGE GROUP II 


Ficure 3.—The linear order of loci in two linkage groups of T4. The numbers indi- 
cate the observed recombination percentages (Rix). Linkage group II is probably linked 
with linkage group B discovered in T2 by HersHey and Rotman (1949) and group III 
with their group C. 


correlated in some way. If they are statistically independent, then the chance 
of observing a recombination between 1 and 3 could be written as follows 
(HaAtpANE 1918) : 


Ris = Rio(1 — Ros) + Ros (1 - Rio) = Riz + Ros - 2Ri2Ro3. (1) 


This calculation has been made for all groups of three loci in both linkage 
groups and the comparison of the calculated values with those observed is 
made in table 3. The observed value is, in all cases except one, lower than the 
calculated value. This suggests that Ris and Res are positively correlated, that 
is, when a recombination occurs between 1 and 2 a recombination in the adja- 
cent region between 2 and 3 has a greater than average chance of occurring. 
Thus the region between 1 and 3 would be estimated low since the doubles are 
unobservable in the two-factor cross. We will refer to this apparent excess of 
double recombination as a positive correlation in the occurrence of adjacent 
recombinations. It is noteworthy that HersHEy and Rotman (1948) observed 
a similar positive correlation in three-factor crosses. 
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Several possible interpretations could be advanced to explain this positive 
correlation : (1) The loci could be in some order other than a strictly linear one. 
(2) The mechanics involved in recombination may be such that multiple breaks 
occur excessively frequently due to difference in fragility of the genetic struc- 
ture in different individuals. (3) The individual particles which participate in 
the process of reproduction may vary in the number of opportunities they have 
for genetic recombination. (A model based on similar considerations has 
recently been proposed by RotHFELs (1952) to account for an excess of 
double recombinants in Escherichia coli.) 

The last interpretation appears to present the most plausible explanation. 
To take an extreme example, suppose that only 50 percent of the phage popu- 
lation within one bacterium participated in genetic recombination. Then, con- 
sidering only this half of the population, the proportion of double recombinants 


TABLE 3 


Examination of the observed recombination data for statistical 
independence of individual recombination values. 





Series of loci Recombination value between 


involved terminal loci (R,s) Calculated minus 


Calculated observed 











I 2 3 from equation 1 Choerved Res 
percent percent percent 
47 Ts, tugs 26.5 25.0 +1.5 
tug, lugs tugs 26.2 2509 +0.7 
tug, lig, May 29.7 30.1 —-0.4 
tug, tig, tugs 34.1 32.6 +1.5 
tug, tugs May 30.5 30.1 +0.4 
tug, tugs tugs 36.2 32.6 +3.6 
lug, Ma, lugs 36.3 32.6 +3.7 
tung tugs M4, 26.5 24.9 +1.6 
lugs U4; tugs 33.0 30.3 +3.0 
tug May tgs 32.7 30.3 +2.4 
tugs Mey tugs 22.5 21.8 +0.7 





might be precisely that predicted from the frequencies of the single recombin- 
ants. If, however, the whole population is used for estimating the frequencies 
of single recombinants (as is done in the phage experiments), the predicted 
number of doubles would be only one-half the number observed. 

The plausibility of such an interpretation of the positive correlation is indi- 
cated by the results of a number of experiments by several investigators. These 
results have been brought together into a theory, developed by ViscontT1 and 
DevsricK (1953), which treats the phage cross as a population genetics prob- 
lem. The basic assumptions of the theory are: (1) that a pool of so-called 
prophage particles is formed, and that within this pool the particles mate pair- 
wise and at random with respect to partners; and (2) that the prophages 
engage in several rounds of mating, the number being distributed randomly 
(Poisson) among the particles. This theory leads to the following relationship 
between Ry (recombination value for i and k determined in the final yield 
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from across) and Py, (recombination value for i and k in an individual mating 


of the two particles) : 
—mPi, 


Re he — (2) 


where m is the average number of matings per phage particle. From several 
types of experiments they have furthermore estimated the value of the parame- 
ter m to be approximately 5. Thus we may calculate the values of Py for all 
pairs of linked loci, and can then proceed to test the assumption that the values 
of Py are independent of each other, i.e., 


Py3 = Py2(1 — Pos) + Pos(1— Piz) = Pic + Pos — 2Pi2Pos. (3) 

P,3, obtained by substituting Ri3 in equation 2, is compared in table 4 with 

P,3 calculated on the assumption of independence between Pj. and Pos (equa- 
TABLE 4 


The recombination values (Pj,) for individual matings. 





Sediee of loci Recombination values calculated for terminal loci (P5) 














involved From P,, and P,; 
‘ a From R,, t 
1 2 3 Assuming no Assuming complete 
interference * interference ** 
percent percent percent 
oo Ts: tug, 14.6 13.3 13.8 
tug, lug, tugs 14.0 14.8 14.2 
tugs tug, Ma 16.8 17.9 18.2 
tug, tgs lugs 21.1 22.7 20.7 
tug tgs Ma, 17.4 19.1 18.2 
tug, tugs tugs 22.4 26.0 20.7 
tug, Ma tugs 22.9 25.6 20.7 
lugs tugs May 14.1 15.1 13.7 
tugs tug, tugs 19.6 22.0 18.5 
tugs Ma, tugs 19.1 21.1 18.5 
tugs My tugs 11.2 11.9 11.4 





*From equation 3. 

**From equation 4. 

+ From equation 2. 
tion 3). A good fit to the assumption of independence is obtained. It is also 
seen in table 4 that the data are quite incompatible with any hypothesis which 
requires complete interference where 


Pis = Pio + Pos. (4) 


It should be pointed out that the condition of statistical independence of the 
Py. values is not very sensitive to changes in the value of m. If m is reduced 
to 3, a slight negative correlation (interference) is observed, and when m is 
increased to 7, a slight positive correlation is obtained. The crucial point is, 
however, that if one makes the assumption that the opportunities for genetic 
mixing are randomly distributed and not precisely equal in the individual 
members of the phage population, then the observed linkages appear to fit a 
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linear organization very well, and the recombination values are approximately 
independent of each other. 


SUMMARY 


A new group of mutants which affect plaque type in bacteriophage T4 has 
been described. Recombination has been measured among members of this 
group and also between these and other genetic factors. Clusters of mutants 
showing less than 1 percent recombination within a cluster were found as well 
as mutants showing 1 to 45 percent recombination with each other. 

No linkage groups in addition to those previously found by HERSHEY and 
RotMAN (1949) in phage T2 were discovered. The mutants were found to fall 
into two of the original linkage groups in such a way that a linkage group of 
five loci and one of three loci are evident. The data indicate that, in each of the 
two linkages, the loci are distributed in a linear sequence with a small positive 
correlation in occurrence of neighboring recombinations (negative interfer- 
ence). It seems likely that the correlation arises from the possibility that the 
individual particles may mate different numbers of times. If one calculates the 
recombination values per mating by application of the theory of Viscontr and 
DecsricK (1953), the correlation disappears entirely. 
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HE identification of mutant genes to the same allelic series, in general 

follows when such genes fulfill the following criteria: first, that their re- 
sultant phenotypes be similar or identical ; second, that heterozygotes involving 
any pair of mutant alleles exhibit the phenotype of one or the other allele or 
an intermediate phenotype; and third, that the alleles, free of association with 
gross chromosomal aberrations, always segregate into separate gametes. While 
phenotypic exceptions to the first two criteria have been recognized, such 
exceptions do not necessarily constitute prima facie reasons for rejecting an 
interpretation of allelism provided the mutants involved do segregate regularly 
and that such segregation is not the result of either gene being intimately 
associated with an inversion or a translocation. However, in cases where mu- 
tant genes which fulfill the phenotypic criteria of allelism fail to segregate regu- 
larly, the evidence available to date suggests two alternative explanations for 
such failure. One is pseudoallelism, i.e., the mutant genes under investigation 
may not occupy identical loci on homologous chromosomes but rather separate, 
adjacent loci. As a result of crossing over between the adjacent loci, gametes 
are formed which contain neither mutant or both mutants, and thus the failure 
of segregation. Evidence for pseudoallelism has been noted in D. melanogaster, 
the case of the Star-asteroid mutants (Lewis 1945), the Stubble-stubbloid and 
bithorax-bithoraxoid mutants (Lewis 1948), the lozenge mutants (GREEN 
and GREEN 1949), the singed mutants (Ives 1951) and the vermilion mutants 
(GREEN unpublished). In Aspergillus nidulans pseudoallelism has been ob- 
served in the case of biotinless mutants (Roper 1950). 

Failure of presumed alleles to segregate may also result when the allelic 
genes are not simply “ point’ mutations but rather causally associated with 
tandem duplications. Segregation here would imply perpetuation of the un- 
altered duplication. As a result of asymmetrical pairing of sections of the 
duplication followed by crossing over, gametes result which carry either half 
the duplication or a triplication and thus the failure of segregation. The classic 
case of this type is the unequal crossing over associated with Bar eye in D. 
melanogaster (STURTEVANT 1925; Bripces 1936; MULLER et al. 1936). An 
additional example has been recognized in the case of the Star duplication in 
D. melanogaster (Lewis 1941). Duplication and crossing over have also been 
invoked to explain the occurrence of specific duplications and deficiencies asso- 
ciated with the mutants P and S in Oenothera blandina (CaTCHESIDE 1947). 
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The investigations of mutants at the Beadex (B+) locus in D. melanogaster 
to be reported herein were motivated by the observations that pseudoallelism 
is often associated with the occurrence in presumed allelic series of mutants 
both dominant and recessive to wild type (Lewis 1945, 1948). Mutant Bx 
alleles dominant (Bx!) and recessive (Bx) to wild type occur, and in hetero- 
zygotes Bx!/Bx" crossing over between the alleles does take place. However, 
the crossing over results suggest that the mutants are not simply the product 
of mutation at closely linked loci but rather are fundamentally different in 
nature. It will be demonstrated from genetic evidence that the dominant mu- 
tant (Bx!) may be interpreted as having arisen by mutation from wild type 
(+8*) while the recessive mutant (Bx") may be interpreted as representing 
a tandem duplication of wild type (+7 +7"). 


MATERIAL AND METHODS 


The Bx mutants investigated, Bx! and Bx’, are sex linked; and Bx! has 
been localized at 59.4 on the X chromosome of D. melanogaster. Both mutants 
are manifested phenotypically in scalloping of the wings (see figs. 2 arid 3). 
Bx}, spontaneous in origin (Bripces and BREHME 1944) acts as a dominant 
with the wing scalloping less extreme in the heterozygote as compared to the 
homozygote. Bx’, also spontaneous in origin (BripGes and BREHME 1944), 
acts as a recessive to the wild-type allele. Ba” homozygotes are somewhat vari- 
able in wing phenotype and often overlap wild-type, especially in crowded 
culture and under high temperatures. The allelism of Bx! and Bz’ has been 
inferred from the linkage relations, similarity of phenotypes, and from the 
phenotype of Bx!/Bx" individuals which is more extreme than that of Bx!/+?? 
individuals. 

In crossing over experiments the recessive, sex-linked mutants forked 
bristles (f) localized at 56.7 on the X chromosome and carnation (car) eye 
color localized at 62.5 on the X chromosome were used as markers. 

Because of the phenotypic variability of Bx’ flies, care was taken to guard 
against crowding of developing individuals, and all flies were raised at a tem- 
perature of 23-24°C. Despite these precautions, an appreciable number of Bx” 
flies wild-type in wing phenotype emerged, and it was therefore necessary to 
progeny test all phenotypically wild-type flies in order to determine their geno- 
type with regard to Bx. The crossing over data presented has been derived 
from ¢ offspring. While the tests performed permitted extraction of the same 
information from ¢@ offspring, sterility was often encountered in 9? being 
progeny tested when Ba" was involved and as a result complete genotypic 
determinations could not be made in all cases. 


CROSSING OVER BETWEEN Bx" AND Bx! 


That crossing over does occur between Bx” and Bx! is clearly evident from 
the results presented in table 1. Two classes of: exceptional ¢4 were derived 
from ¢¢ f Bx’ car/Bx': (1) $8 which were wild-type in phenotype, desig- 
nated Ba*, and which carried either f or car; (2) 8 whose wing phenotype 
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Ficures 1-5.—Wing phenotypes of ¢ ¢ of the following genotypes: fig. 1, wild-type; 
fig. 2, Bx"; fig. 3, Bx1; fig. 4, Br* (-++-?* Br!) ; fig. 5, Br! Br’. 
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TABLE 1 


Occurrence of exceptional S progeny associated with crossing 
over between Bx’ and Bx’. 





Exceptional ¢ progeny 








Pp = siden Total o Percent 
en " 

ee progeny 7 Bxt+ Bx*tcar {Bx Bx® car — 
(1) { Bx? car/Bx* 

x { Bx’ car 5,874 9 8 3 8 0.48 
(2) { Bx? car/Bx? 

x { Bx? car 4,235 0 0 0 0 0 
(3) { Bx? car/Bx* 

x { Bx! car 5,580 0 0 0 0 0 





was more extreme than that of either Bx! or Bx’. These $6 were designated 
as Bx* (see fig. 4), and it is to be noted that the Bx* $4 also carried either 
f or car. No phenotypic difference between f Bx* and Bx‘ car $8 can be de- 
tected. The fact that the Br+ and Bx*® 46 carried either f or car indicates that 
their origin is associated with crossing over. It is to be noted that no excep- 
tional progeny were observed in crosses involving homozygous Bx" or homo- 
zygous Bx’. In all the crosses made, individuals phenotypically Bx*+ were 
encountered. The results of progeny tests of these ¢¢ are listed in table 2. It 
will be noted that among the 50 phenotypically Bx*+ $8 derived from ?9 
f Bx’ car/Bx', progeny tests showed that 32 were genotypically Bx’, while 17 
were permanent reversals to wild-type associated with crossing over. Among 
the 43 phenotypically Bxr*+ $4 derived from 99 f Bx" car/Bx" progeny tests 
showed that all these ¢¢ (excepting the single sterile ¢ ) were phenotypic 
overlaps and were in fact Bx" in genotype. The single Bxt+ ¢ derived from 
992 f Bx' car/Bx' also proved to be a phenotypic overlap and was genotypi- 
cally Bx’. It is to be noted that the progeny tests listed in table 2 represent 
tests of Bx*+ $4 accompanied by a crossover in the f-car interval. A number 
of $4 were observed where Bx* was involved which were Bx+ and were not 
associated with crossing over in the f—car interval. Progeny tests of these ¢¢ 
regardless of the cross from which they were derived proved them in all cases 
to be phenotypic overlaps and therefore Bx" in genotype. 


TABLE 2 
Progeny tests of phenotypically Bx* dd. 








Source of Number Number Number 
Bxt dS Phenotype tested fertile genotype Bx* 
Cross (1) of { Bx* 32 32 9 
table 1 Bx* car 18 17 8 
Cross (2) of { Bx* 25 25 0 
table | Bx* car 18 17 0 
Cross (3) of { Bx* 0 0 0 
table 1 Bx* car 0 
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The occurrence of Bxr+ and Bx* $4 among the progeny of Bzx’/Bzx' 99 
suggested tests be made to determine the constitution of these individuals. It 
may be questioned whether the Bx+ individuals obtained are truly wild-type 
for the Bx locus. A simple test for this purpose would be the comparison of 
exceptional progeny derived from 99 Bxrt+/B-x* and from 29 +8*/Bx* (where 
Bx* is derived from Bx’/Bx" by crossing over and +** is a Canton wild-type 
X chromosome and thus wild-type for the Bx locus). On the basis of the dis- 
tribution of the marker genes among the Bxt and B-* individuals, it is reason- 
able to suspect that the f Bx+ and B-x* car individuals represent one pair of 
complementary crossover types and the B+ car and f Bx* individuals repre- 
sent a second. It might therefore be expected that by obtaining ¢? carrying 
the complementary crossover types the original parental chromosomes would 
be recovered among the progeny as a result of crossing over. To test the 
identity of the Bx*+ chromosome to the +¥” chromosome and simultaneously 
to test whether the genotypes of f Bx’ car and Bx! are recovered from the 


TABLE 3 
Recovery of Bx’ and Bx* from heterozygous Bx® 29. 











Exceptional ¢ progeny 
Parental genotypes Total 3 Percent 
progeny { Bx? car Bx? exceptions 

(1) { Bx€/Bx* car 

<x Bx* car 6,975 2 5 0.1 
(2) { Bx¢/+5* car 

x +Bx car 8,370 2 5 0.08 
(3) Bx¢ car/f Bx* 

x f Bx* 5,700 7 5 0.21 
(4) Bx® car/f +Bx 

x f +Bs 4,975 4 3 0.14 





apparent complementary crossover types, 2 of the constitution f Bxt+/B-x* car, 
Bxt car/f Bx*, f+8*/Bx* car and +** car/f Bx® were obtained and tested. 
Again only é progeny were checked and the results of these crosses are 
listed in table 3. It may be seen from the results in table 3 that in each case 
the parental X chromosomes as they originally occurred were recovered in 
all the crosses made and that this recovery is associated with crossing over. 
There appears to be no difference in this respect between the Bx* and +7* 
chromosomes suggesting that the Ba+ chromosome is really wild-type for the 
Bx locus. Moreover, a test for heterogeneity indicates that there is no signifi- 
cant difference in the frequency of exceptional types recovered from the differ- 
ent crosses made. It is to be noted that the frequency of exceptional types 
observed from Bx*/Bx+ (or +8") 29 is appreciably reduced as compared to 
exceptional types derived from Bx"/Bx' 99. A chi square test comparing the 
frequency of exceptions from B2’/Bx' 99 and the total exceptions from 
Bx*/Bx+ and Bx*/+*? of table 3 shows the differences to be highly significant 
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(? = 30.72, degrees of freedom = 1, p= less than 0.001). The importance of 
this difference is to be considered in a later discussion. 

It appears appropriate to consider here possible explanations for the occur- 
rence of exceptional ¢g (Bxt+ and Bx*) among the progeny of Bx’/Bx' 99 
and the absence of such exceptions among the progeny of 29 homozygous for 
either allele. At first glance it seems that the occurrence of the exceptional 
é4 might be indicative of pseudoallelism. An interpretation of pseudoallelism 
implies that the two mutants, Ba’ and Bx’, occupy adjacent loci. On this ~.asis 
the gene sequence in the f-—car interval is either (1) f Ba’ Bx’ car or (2) 
f Bx! Bx" car. On this assumption the exact genotypes of 99 f Ba’ car/Ba* 
can be noted as (la) f Ba’ +car/+ Bx’ ++ or (1b) f+ Bx" car/++ Bx" car. 
Similarly the genotypes of 92 f Bx'car/Bx' would be written as (2a) 
f Bx'+car/+ Bx'++ or (2b) f+ Bx' car/++Bx'+. It follows from such an 
hypothesis that no exceptional progeny would be expected from 992 homozy- 
gous for either Bx’ or Bx', assuming further that pairing between homologous 
loci is always regular. However, in the cases of 99 Bx"/Bx exceptions would 
be expected. If the gene sequence in the f-car interval corresponds to (1) noted 
above, then the exact genotypes of Bx"/Bx! 99 would be f Bx" +car/++Bx'+. 
Single crossovers between Bx’ and Bx' would result in two types of excep- 
tional $3: +++car(Bx* in phenotype) and f Ba’ Bx'+ (Bx* in pheno- 
type). No exceptional $$ would be expected of the genotype f+++ or 
+ Bx’ Bx car. If the gene sequence in the f-car interval corresponds to (2) 
noted above, then the exact genotype of the Ba"/Bx' 92 would be f +B." car 
/+ Bx'++. Again single crossovers between Bx” and Bx! would yield two 
types of exceptional $4: f+++ (Bxt in phenotype) and + Bx! Bs’ car 
(Bx* in phenotype). No exceptional $4 would be expected of the genotype 
+++car or f Bx' Bx’ +. It is apparent from these predictions that while the 
hypothesis of pseudoallelism can account for the absence of exceptional types 
among the progeny of 99 homozygous Bx’ or Bx, it fails to account for all 
the exceptional types observed among the progeny of 9? Bx"/B-x'. It is to be 
noted that in each case the assumptions of pseudoallelism account for only two 
of the four exceptional types observed irrespective of the gene sequence 
assumed. It therefore appears appropriate to eliminate pseudoallelism as an 
explanation here and to consider other possibilities in attempting to account 
for the occurrence of Bx+ and B® individuals. 

A second hypothesis which appears to be attractive stems from the seeming 
parallelism between the results observed here and the case of unequal crossing 
over at the Bar (B) locus in D. melanogaster (STURTEVANT 1925). It may be 
recalled that from 9? of the genotype f B fu/B, exceptional progeny were 
obtained of the genotypes f B+, B+ fu, f B B and B B fu. The observation that 
that the B mutation is in reality associated with tandem duplication (BRIDGEs 
1936; MULLER et al. 1936) permitted an exact interpretation of the mechanics 
of crossing over in B homozygotes which produced the four exceptional cross- 
over types. 

There is a striking similarity between the exceptional progeny derived from 
B/B ¢@ and those from Bx"/B.x' individuals. In each case they are of two 

















BEADEX LOCUS IN DROSOPHILA 97 


types: wild type carrying one or the other marker gene ; and a new phenotype, 
more extreme than either mutant involved, carrying one or the other marker 
gene. There is one discrepancy to be noted despite the similarity of effects in 
the two cases. In the case of Bar, exceptional progeny are derived from homo- 
zygous B 9@. In the case of Beadex, exceptional progeny are derived only 
from heterozygous (Bx'/Bx") 99. If it is reasoned by analogy with Bar that 
Bx" and Bx'-are intimately associated with identical tandem duplications and 
that the origin of exceptional progeny is related to asymmetrical pairing be- 
tween the sections of the duplication followed by crossing over, then it is 
difficult to reconcile the occurrence of Bx+ and Bx* individuals among the 
offspring of Bx’/Bx' 29 and the failure to detect any exceptional individuals 
among the progeny of Bx’/Bx" and Bx'/Bxr! 99. 

A second discrepancy is seen if a comparison is made between the frequency 
of recovery of the parental types from the exceptional types in Bar and in 
Beadex. Thus in the case of Bar, there appears to be no difference between 
the frequency of BB and Bt as derived from B/B 99 and the frequency of 
B derived from BB/+ 92 (Sturtevant 1925). However, in the case of 
Beadex there is a real difference between the frequency of Bxt and Bx* 
derived from Bx’/Bx' and the frequency of Bx” and Bx' recovered from 
Bxt/Bx* 29. If the Bx” and Bx' mutants are associated with tandem dupli- 
cations, it might be expected that the situation would be comparable. This 
latter discrepancy plus the failure noted earlier to recover exceptional types 
from Ba’/Bx" and Bx'/Bx'! makes the analogy between Beadex and Bar most 
unlikely. 

Despite the failure to explain Beadex crossing over on the basis of pseudo- 
allelism or to homologize the Beadex results with unequal crossing over as 
observed in Bar, it is possible to develop an hypothesis which fits all the facts 
presented thus far and to test its validity. Moreover, it will be possible from 
the hypothesis to be elaborated to make certain deductions as to the probable 
nature of the Ba” and Bx' mutants. 

If it is assumed that the mutants Bx” and Bx" differ fundamentally in that 
one arose through gene mutation at the +” locus and the other by direct tan- 
dem duplication of +” and thereby carries two +¥* loci, then it is possible to 
explain all the results presented thus far. Two alternative possibilities are 
available: (1) Ba’ arose by mutation and Bx’ arose through duplication, or 
(2) Bx" is the duplication and Br‘ is the gene mutation. It must be further 
assumed that the duplication does not merely involve +¥* but at least one ad- 
jacent locus to the left and to the right of +¥” such that the duplication may be 
described by the notation: a...+8"...b...a...+8*...b. If it is assumed that 
Bx" is the mutation, then f Bx" car can be written as f...a...Ba"...b...car 
and Bx! as a...+9*...b...a...+%%...b and wild-type as a...+9"...b. 
If during the first meiotic prophase Ba’ pairs with +¥” in the left section of the 
duplication : 

a ae ae 
olen cre Ms Mangia 
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and a crossover occurs between yee" ‘aon b, the resultant _— would 
be (1) f.. PP baci 8s» .b and (2) a.. ..b... car. 
ls oa $4 .eceiving (1) pi ie expected to be ‘$e and those 
receiving (2) would be expected to be Bx+ car. Moreover crossovers between 
a and Bx’ would not be expected to produce changes in the a—b interval of the 
Bx" and Bx! chromosomes and would be indistinguishable from crossovers 
between f and a. If during the first meiotic prophase B2* pairs with +¥* in the 
right section of the duplication : 


kes OPS eee ee 
PS ed r E CCS ed ek 


and a crossover occurs between a and Ba." then the resultant products would 

+ ee eee ee a oe ee eee 
It would be expected that the phenotype of ¢¢ receiving (3) would be B* car 
and of those receiving (4) would be f Bx*+. Again it follows that crossovers 
between Bx" and b would not be expected to produce changes in the a—b inter- 
val of either chromosome and would be indistinguishable from crossovers 
between b and car. 

It also follows that no exceptions would be expected from homozygous 
Bx" 22 and similarly none from Bx! 99. In the case of homozygous Bx! 9¢ 
exceptions might be expected if asymmetrical pairing followed by crossing over 
occurred. For example, if in f Bx! car/Bx' 99, +%* in the right section of the 
duplication in the f Bx car chromosome pairs with +** in the left section of the 
duplication of the homologous B.' chromosome as follows: 


Fi Bee. bikie 2H Ae 
Cis Pca... Cinco... 


then crossovers between a and +¥* or between +”* and b of the paired sections 
would result in (1) a...+8"...b...carand (2) f...a...4+8%...b...a... 
+82 | .b...a...+%*...b. Those $ receiving gametes carrying (1) would 
be phenotypically B+ car and those receiving (2) would be f with a wing 
phenotype probably more extreme than Bx!. It can be readily demonstrated 
that pairing of +* in the left section of the f Bx! car chromosome with +3* 
in the right section of the B.' chromosome followed by crossing over within 
the paired sections would result in (3) f...a...+8%...b... and (4) a... 
+87...b...a...+9%...b...a...+%%...b...car. The $4 receiving gametes 
carrying (3) would be phenotypically f Bx+ and those receiving (4) would be 
car with a wing phenotype presumably more extreme than B'. 

If the aforementioned assumptions regarding Bx! are correct then the failure 
to recover exceptional types from Bx'/Bx! 99 indicates that the frequency of 
asymmetrical pairing is either very low or does not occur. 

The alternative assumption made regarding the nature of the Beadex mutants 
proposes that B” is the duplication and therefore described by the notation 
a...+9*...b...a...+%*... band Bx! is the gene mutation and described by 
the notation a... Bx!...b. Again the two alternative pairing schemes noted 
earlier can occur. If Bx! pairs with +** in the left section of the duplication: 
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3 oe cn hd Oe HR 
On: Bak*s.cb 


coy 
~% 


and a crossover occurs between Bx! and b in the paired section, the resultant 
chromosomes would be (1) f...a...+8%...b and (2) a... Bx'...b...a 

. +37 ...b...car. Then $4 derived from gametes carrying (1) would be 
f Bat and from (2) would be Bx* car. Crossovers between a and Bx’ would 
not alter the constitution of the a—b interval of either chromosome and would 
be indistinguishable from crossovers between f and a. If, on the other hand 
pairing occurs as follows: 


Pe RA at A Pe a, 
Py) pea 


and a crossover occurs between a and Bx! in the paired section, the resultant 
chromosomes would be (3) a...+¥"...b...car and (4) f...a...+8%...b 

.Bx!...b. Again. ¢é developing from gametes carrying (3) would be 
phenotypically Bx+ car and those from gametes carrying (4) would be pheno- 
typically f Bx*. Furthermore crossovers between Bx! and b would be indis- 
tinguishable from crossovers between f and car. 

If the aforementioned assumptions made regarding the nature of Bx" are 
correct then from 9? Bx"/Bx" exceptional types might be recovered as a result 
of asymmetrical pairing and crossover in the same manner as noted above 
when Bx" was assumed to be the tandem duplication. The failure to recover 
exceptional types from Bx"/Ba* 29 indicates that if Bx” is in fact a tandem 
duplication then the frequency of asymmetrical pairing is either very low or 
does not occur. 

Since two hypotheses have been presented to explain the occurrence of Bat 
and Bx* individuals among the progeny of Bx"/Bx' 99, it is necessary to 
determine which of these hypotheses is correct. It may be recalled that while 
both hypotheses fit the observations they differ with respect to the exact geno- 
type of the f Bx° and Bx car $8. If 92 are constituted such that they carry 
both f Bx* and Bx* car chromosomes as derived from f Ba’ car/Bx! 99, then 
it can be demonstrated that crossing over within the duplication should pro- 
duce different exceptional types depending upon which hypothesis is invoked. 

If it is assumed that Bx’ is the duplication, then the 99? f Bx*/Bx* car may 
be described as follows: 


a es eee Be ee FES 


ye ae? ee See: oe ee. 


Accordingly, crossing over between +”? and b in the left section of the dupli- 
cation and between a and +¥* in the right section of ie duplication should 
produce identical results: (1) a...+¥"...b...a.. .b and (2) f...a 

YT Pee Pe ee Then $8 receiving a shout be phenotypi- 
cally Ba! and carry caliber marker, thereby restoring the original duplication, 
while $4 receiving (2) presumably should be of a phenotype more extreme 
than B2* and should carry both the f and car markers. It may be noted that the 
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crossovers indicated are the only ones which can result in exceptional progeny 
so long as pairing of the sections of the duplication is symmetrical. 

If it is assumed that Bx’ is the duplication, then the 99 f Bx*/B* car may 
be described as follows: 


Oct. 66 i Bee 
Be i i 


Crossing over between +7 and b in the left section of the duplication and 
between a and +#* in the right section of the duplication should produce — 
cal results: (1) ass +". ..b...a...4...b... cor and (2) a. 

Bee . The 88 receiving (1) should “ phenotypically {Bat x’ car 
thereby restoring the original duplication while ¢¢ receiving (2) should be 
presumably of a phenotype more extreme than B.x° and carry neither marker. 
Again it may be noted that the indicated crossovers are the only ones which 
can result in exceptional progeny so long as pairing of the sections of the dupli- 
cation is symmetrical. 




















TABLE 4 
Crossing over in homozygous Bx® QS. See text for source of Bx® chromosomes. 
Total S Exceptional d progeny ebietinn 
Parental genotypes . 
progeny { Ba? car Bx? Bx! exceptions 
(1) { Bx€/Bx® car 
x { Bx? car 2,890 13 7 0.69 
(2) { Bx€/Bx® car 
x f car 944 10 6 1.69 
Total (1) and (2) 3,834* 23 13 0.94 
(3) { Bx€ car/Bxé 
@*/car 4,627 0 0 0 





*Not included are 2 dd Bx' and 1 df car with Bx phenotype more extreme than 
Bx€. See text for discussion of these. 

The results of tests involving 9¢ f Bx*/B.x* car are listed in crosses (1) and 
(2) of table 4. It may be noted that the exceptional progeny recovered were 
of two types. One group of ¢ was phenotypically f Bx’ car. These $8 were 
crossed to wild-type 9? and the resulting F, 99 were all wild-type thereby 
confirming the recovery of Bx’. It is apparent then that Bx” is the duplication 
of +4". The second group of $4 which carried neither marker demonstrated a 
wing phenotype more extreme than that of B.x* (see fig. 5). Accordingly these 
$6 should carry the same duplication as Bx’ but with the two +8” genes re- 
placed by two Bx! mutants. These $4 may then be designated as Bx'Bx' or 
double Bx!. On this basis the B® individuals recovered from 92 Bx"/Bx' are 
of two types and can be redesignated as follows: the Bx* carrying the f marker 
is noted as +4 Bx! and the Bx* carrying the car marker is noted as Bx! +**, 

It may be added further that crossing over in 9? homozygous for identical 
Bx* duplications should produce no exceptional progeny provided pairing 
within the duplication is symmetrical. A test of this proposition was made 
by constituting 29 homozygous for identical B.x* (+8 Bx!) chromosomes in 
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which one was marked with f and car and the other carried neither marker 
gene. Results of crossing over tests are listed in cross (3) of table 4. The pre- 
diction that no exceptional progeny should occur is verified by the results. 
These results suggest further that pairing within homozygous identical Bx* 
duplications is symmetrical. 

If the double Bx' type recovered is in fact the duplication, then in 9¢@ 
Bx' Bx/f +*®* car, it should be possible to recover exceptional types from the 
following pairing schemes. If pairing occurs as follows: 


a See ee Oe ee 
F -uter sl «i eweamnhinds car 


crossovers between +”? and b will result in (1) a... Ba!...b...car and (2) 
f...a...+87...b...a...Bx!...b. Then $¢ receiving (1) would be pheno- 
typically Ba! car and those receiving (2) would be f Bx* (+#* Bx'). If pairing 
occurs as follows: 
bs sss Dies Bx.cs Ee 
Oe ek ee ae 


then crossovers between a and +" would result in (1) f...a...Ba'...b 
and (2) a... Ba'...b...a...+%*...b...car. Then $@ receiving (1) will 
be phenotypically f Bx! and those receiving (2) would be Bx* (Bx! +**) car. 

In accordance with earlier statements, the crossovers noted are the only ones 
which can result in the production of exceptional types. 


TABLE 5 
Crossing over in heterozygous double Bx 29. 





Total ¢ Exceptional 3 progeny Pascent 


~e { Bc? Bx'car [{Bx® Bx®* car exceptions 





Parental genotypes 





Bx' Bx'/f car 
x f car 4,258 2 7 6 4 0.44 





The predictions made are borne out by the results listed in table 5. From 
99 Bx! Bx'/f+** car exceptional $4 recovered were f Bx, Bx' car, f Bx* 
(+8* Bx!) and Bx* (Bx! +**) car. It may be further noted that the frequency 
of recovery of exceptional types, 0.44 percent is in good agreement with the 
frequency of 0.48 percent of exceptional types recovered from Ba’/Bx' 99, 
adding further evidence for the conclusion that the duplications in Ba” and in 
double Bx" are in all probability identical. 

Since the experimental results indicate that Bx’ is a tandem duplication, 
it is now possible to consider two observations which merit discussion. First to 
be considered are the results listed in table 3, in which it was noted that the fre- 
quency of exceptional types recovered from 99 Bx* car/f Bx+, Bx* car/f +**, 
f Bx*/Bx* car and f Bx*/+** car is significantly less than the frequency of 
exceptional types recovered from 9? f Bx" car/Bx'. While the results pre- 
sented thus far indicate that the duplications in Bx* and Bx" are identical, 
it can now be demonstrated that the reduced frequency of exceptional types 
from Bx*/Bxt or Bx*/+** fulfills expectations. 
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As an example cross (1) of table 3 may be utilized. Pairing in ¢¢ f Bx* 
/Bx* car may occur as follows: 


ee ee eee Oe ee ie Pe 


S..  : ee 


It may be noted that crossing over within the paired section would result 
in $6 phenotypically either f+®* car or Bx* and such crossovers are indis- 
tinguishable from crossovers between f and a. In brief, crossing over within 
the paired sections produces no complements which can be distinguished pheno- 
typically as exceptional products of crossing over. 

If the alternative pairing scheme occurs as follows: 


PE PO A eee Ae 


Ye oe 


and crossing over occurs between a and Bx!, $6 phenotypically f Bx” car and 
Bx will result. Crossing over between Bx! and b will result in no exceptional 
phenotypes. 

It has been assumed in the foregoing account that +”* of the Bxt+ chromo- 
some pairs at random with each section of the duplication in the B* chromo- 
some. It has been demonstrated that only pairing involving the left section of 
the duplication followed by crossing over results in the production of excep- 
tional types. In the case of crossing over in Bx"/Bx'! ¢¢ it has been demon- 
strated that pairing of Bx! with either section of the duplication accompanied 
by crossing over results in identifiable exceptional types. On this basis the ex- 
pectation would be that the frequency of exceptions from Bx’/Bx+ 99 would 
be one-half the frequency of exceptions from B2’/Bx! 99. If the frequency of 
exceptions from Bx’/Bx' 99, viz. 0.48 percent is an accurate estimate, then 
the frequency of exceptions expected from Ba*/Bxt+ ¢¢ should be in order of 
0.24 percent. It may be noted that the results reported in table 3 are in essential 
agreement with that prediction. It can be readily seen that identical results are 
predicted for all the crosses listed in table 3. 

A second item which requires further consideration is the observation that 
from 99 f+¥* Bx'/Bx' +** car in addition to the f Ba’ car and double Bx' 32, 
two $4 Bx" and one ¢ fcar and with a wing phenotype more extreme than 
Bx* (to be designated as Bx**) were obtained [see crosses (1) and (2) of 
table 4]. As noted earlier, symmetrical pairing within the duplication’ followed 
by crossing over accounts for the occurrence of the exceptional f Ba” car and 
double Bx’ progeny. However, this explanation fails to account for the occur- 
rence of the B' and f Ba car 8. If it is assumed that in f +4” Bxt/Bx'! +8" car 
?¢ pairing of the duplication is not always symmetrical, then the recovery of 
Bx’ and Bx $8 can be explained. Assuming a pairing scheme in which the 
Bx" sections of each duplication pair as follows: 


jC RS. A ET “ee es eee 


ee a a ee” eee 


crossing over between a and Bx! or between Bx! and b will produce identical 
results. Two types of progeny will result (1) ¢¢ Ba! carrying neither f nor 
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car and (2) triplication #4 of the constitution f +¥* Bx! +¥* car which would 
be presumed to be of a wing phenotype more extreme than that of Ba* $¢. 
It is reasonable to believe that the f Bx’ car 2 alluded to earlier does in fact 
represent a triplication of the type noted. 

It is to be noted that crossing over here is of the unequal type in that the 
resultant chromosomes no longer carry the duplication. 

A second possible type of asymmetrical pairing can occur such that the +7* 
sections of each duplication pair. Crossing over within the paired sections 
would produce f +#* car and Bx! +** Bx’ individuals. While neither type was 
detected in the results reported, the possibility of such asymmetrical pairing 
can not be excluded. 


DISCUSSION 


The foregoing genetic analysis of the Bx” and Bx’ mutants leads to the con- 
clusion that Bx” is in reality a tandem duplication in which +”* is present in 
duplicate, while Bx’ is a mutation of +”* and is not associated with duplication. 
The validity of these genetic deductions can be firmly established only by cyto- 
logical confirmation. It is to be noted that the postulate denoting Bz” to be a 
tandem duplication of +”* carries the additional proviso that at least two addi- 
tional gene loci, one to the left and one to the right of +**, are similarly dupli- 
cated. That is to say, in the Bx" duplication the +”* loci are not in juxtaposi- 
tion, but rather a number of bands must be duplicated. That the duplication is 
relatively long is suggested further by the frequency of crossing over within 
the duplication. The data from 99 +” Bx'/Bx! +** [crosses (1) and (2) of 
table 4] indicate that detectable crossing over within the duplication is of the 
order of one percent. Genetic information available indicates that the gene loci 
proximate to +¥* are those of small eye (sy), 0.1 crossover unit to the left, and 
fused (fu), 0.2 unit to the right (Bripces and BreHMe 1944). It seems 
reasonable to suggest therefore that sy*+ and fu* are included within the dupli- 
cation. Data available on the salivary gland chromosome localization of sy, Bx? 
and fu indicate that sy is to the left of region 17A7, Bx" is in the region 17B6 
to 17D5 and fu is in the region of 17B6 to 17F1. On this basis it is possible to 
reason that the duplication associated with Bx’ extends from regions 17A to 
17F of the X chromosome. Dr. E. B. Lewis has very kindly made an exami- 
nation of the salivary gland X chromosome of Bx’ and has conveyed the infor- 
mation that Bx” is associated with a tandem duplication of considerable extent 
involving section 17 of the salivary gland chromosome. Regions 17C, 17D and 
17E are clearly duplicated and possibly regions 17A, 17B and 17F also. These 
observations on the cytology of Ba’ thereby represent a verification of the 
genetic deductions presented previously. The cytology of Bx’ presents a nor- 
mal salivary gland chromosome picture, also in accordance with prediction. 

No exact explanation can be provided at this time to account for the origin 
of the Bx” mutants. The considerable length of the duplication suggests that 
perhaps the simplest mode of origin would be a process of asymmetrical pair- 
ing of chromosomes followed by crossing over. If it is assumed that “ repeat ” 
loci (Bripces 1935a) are present in region 17A and 18A of the X chromo- 
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some and that infrequently region 17A of one chromosome pairs with 18A of 
the homologous chromosome, a crossover within the paired sections would 
produce an X chromosome in which section 17 is duplicated and one which 
is deficient for section 17. Presumably the former would manifest itself as a 
Bx" mutation. If such a process operates in the production of Bx’ mutations, 
it must be a relatively infrequent one for thus far only three Ba’ mutations 
have been recorded. 

The phenotypic manifestations of tandem duplications present a variable 
picture. That particular dominant “ mutations ” are in reality intimately associ- 
ated with tandem duplications has been noted in D. melanogaster for Bar eye 
(Bripces 1936; Mutter et al. 1936), eyeless-dominant (Bripces 1935b), 
Hairy-wing (DEMEREC and Hoover 1939), Confluens and Abruptex (SCHULTZ 
in MorGan eft al. 1941), and brown-dominant (HINTON, SCHULTZ in BRIDGES 
and BREHME 1944). In maize the A® mutant may represent a duplication 
(LaUGHNAN 1949). The associated phenotypes have been interpreted in the 
cases of Bar, Hairy-wing, Confluens and Abruptex as the result of position 
effects. In the case of the Star-duplication, a tandem duplication (Lewis 1941, 
1945), no phenotypic alteration associated with the duplication has been de- 
tected. Ba” appears to be the first reported case of a tandem duplication associ- 
ated with a recessive phenotypic effect, and an interpretation of the basis for 
the Ba’ phenotype merits consideration here. 

It seems reasonable to suspect that the Ba’ phenotype does not represent 
merely the quantitative result of the duplication of +" genes. If it were 
assumed that the +”* gene is antimorphic in function, an increase in the num- 
ber of +¥* genes could result in an increased departure from wild-type wing 
phenotype. This interpretation could account for the Ba’ phenotype. Similarly, 
it is known that the wing phenotype of 9? Bx'/Bx' is more extreme than 
that of 99 Bx'/+**. However, on the basis of additive action of genes at the 
Beadex locus, it would be predicted that the phenotype of 99 +2" +7*/Bx' and 
+3* Bx’ /+®* should be identical; observations do not confirm this prediction. 
Rather, it is quite clear that 99 +”* Bx'/+*" are more extreme in wing pheno- 
type than 99 +" +%*/Bx'. It seems probable therefore that in the case of B* 
the phenotypic effect is the result of a position effect. Such a position effect 
hypothesis suggests that an alteration in the function of the wild-type genes 
occurs when they are included in a tandem duplication. It cannot be definitely 
stated, however, whether this alteration is associated with the +¥” genes alone, 
with the duplication of genes proximate to +”*, or with both. Clarification of 
the position effect hypothesis must await further investigation. 


SUMMARY 


1. Crossing over has been observed to occur between Bx’ and Bx’ in Bat/Bx' 
heterozygotes, but has not been detected in Ba’ or Bx' homozygotes. 

2. The genetic observations have been shown to be incompatible with an 
interpretation that Ba” and Bx" are pseudoalleles, or that they are intimately 
associated with identical duplications. 
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3. The observations are compatible with the interpretation that Bx” is asso- 
ciated with a tandem duplication in which the +”” locus and probably the sy+ 
and fu+ loci are duplicated. Bx! appears to be the consequence of mutation of 
+22 without duplication. 

4. Crossing over within the duplication appears to be equal although evi- 
dence for unequal crossing over has been obtained in 99 of the constitution 
482 Bal /Byyl Br, 

5. The phenotype associated with Bx’ appears to be the result of a position 
effect. 
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